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Abstrakt

Roztoky nekterych polymerit vykazuji dolni kritickou rozpoustéci teplotu (lower critical
solution temperature, LCST). Takové polymery za urcitych podminek vytvateji homogenni
roztoky, ale jakmile teplota roztoku piekroci kritickou teplotu (cloud point temperature, 7cp),
dojde k fazové separaci. Pro tyto polymery bylo navrZzeno nespocet aplikaci v ramci
medicinalni chemie a mediciny, napfiklad in situ formovana depa pro radioterapii
(brachytherapii), insitu formovand depa pro protrahované uvoliovani 1éCiv,
imunoradiotherapie, injekéni thermogelling pro tkanova inzenyrstvi a péstovani bunéénych
kultur, tracery pro magnetickou rezonanci (MRI) a mnoho dalSich. Navzdory cetnym
navrzenym vyuzitim a rozsdhlému vyzkumu téchto polymert, farmakokinetika injekovanych
termoresponzivnich polymeru stale neni dostate¢né dobte prozkoumana.

V této praci se vénujeme syntéze a dikladné fyzikalné-chemické charakterizaci ¢ty riznych
termoresponzivnich polyakrylamidi, konkrétné poly(N-(2,2-difluoroethyl)akrylamidu, poly(/N-
isopropylakrylamidu), poly(N,N-diethylakrylamidu), a poly(N-akryloylpyrrolidinu) za
fyziologicky relevantnich podminek. Nasledn¢ sledujeme biodistribuci a farmakokinetiku
téchto polymert v mySim modelu po intramuskularnim podani. Na zaklad¢ ziskanych dat
navrhneme fyziologicky model pro farmakokinetiku a hledame korelace riznych fyzikalné-
chemickych parametri polymert s pozorovanou farmakokinetikou a in vitro chovanim. Nase
zavéry je mozné pouzit k ndvrhu polymert s definovanou farmakokinetikou pro zvolené

medicinalné chemické aplikace.

Klicova slova: polyakrylamidy, thermoresponzivni, farmakokinetika, in vivo, polymery,

biodistribuce, fluorescence
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Abstract

Polymer solutions with lower critical solution temperature (LCST) undergo a phase
separation when heated above their cloud point temperature (7cp). These thermoresponsive
polymers have numerous promising medicinal applications, such as in situ depot-forming
radiotherapy (brachytherapy), controlled drug-release, immuno-radiotherapy, injectable
thermogelling for tissue engineering and cell culture and magnetic resonance imaging (MRI),
among others. Yet, despite extensive research on medicinal applications of thermoresponsive
polymers, their fate after their administration remains largely unknown.

Thus, in our study, we synthesized and thoroughly characterized four different
thermoresponsive polyacrylamides, namely poly(N-(2,2-difluoroethyl)acrylamide), poly(N-
isopropylacrylamide), poly(N,N-diethylacrylamide) and poly(N-acryloylpyrrolidine) under
physiologically relevant conditions. Subsequently, we determined their biodistribution kinetics
in mice and proposed a data-based pharmacological model to describe their in vivo behaviour,
correlating their physico-chemical properties with their pharmacokinetics. Overall, our findings

may be used to tailor their properties to meet the demands of their medicinal applications.

Key words: polyacrylamides, thermoresponsive, pharmacokinetics, in vivo, polymers,

biodistribution, fluorescence



ProhlaSeni o autorstvi
Tato prace obsahuje data, interpretace a formulace, které¢ byly/budou pouzity v publikacich:

(1) Kolouchova K., Lobaz V., Bene§ H., Rosa V.R., Babuka D., Svec P., Cernoch P., Hruby
M., Hoogenboom, R., Stépanek P., Groborz O.; Thermoresponsive Properties of
Polyacrylamides in Physiological Solutions, Polymer Chemistry, v revizi, piijato 8/2021, DOI:
10.1039/d1py00843a

(2) Groborz O., Kolouchové K., Pankrac J., Kesa P., Kadlec J., Krunclova T., Pierzynova A.,
Sramek J., Hovoiakova M., Dalecka L., Kugera T., Svec P., Loukotova L. Hoogenboom R.,
Hruby M.;  Pharmacokinetics of Intramuscularly — Administered  Thermoresponsive

Polyacrylamides, ¢lanek v piipravé

Authorship declaration
This thesis contains data, interpretations, and formulations which were/ will be used in

following publications:

(1) Kolouchova K., Lobaz V., Benes H., Rosa V. R., Babuka D., Svec P., Cernoch P., Hruby
M., Hoogenboom, R., Stépanek P., Groborz O.; Thermoresponsive Properties of
Polyacrylamides in Physiological Solutions, Polymer Chemistry, in revision, accepted 8/2021,
DOI: 10.1039/d1py00843a

(2) Groborz O., Kolouchové K., Pankrac J., Kesa P., Kadlec J., Krunclova T., Pierzynova A.,
Sramek J., Hovotakova M., Dalecka L., Kuéera T., Svec P., Loukotova L. Hoogenboom R.,
Hruby M.;  Pharmacokinetics of Intramuscularly — Administered  Thermoresponsive

Polyacrylamides, manuscript in preparation



Konflikty zajmu

O. Groborz vlastni akcie firmy Bausch Health Companies Inc. (Laval, Kanada). Jeji dcefina
firma (Bausch + Lomb, Laval, Kanada) vyrabi gel Visidic®, ktery byl pouzit v této studii. Zadna
firma, poskytovatel grantu, ani zaméstnavatel neovliviiovali provedeni studie, jeji vyhodnoceni

ani zavery této prace.

Contflicts of interests
O. Groborz is a stockholder of Bausch Health Companies Inc. (Laval, Canada). Its

subsidiary, Bausch + Lomb (Laval, Canada) licences Visidic® gel, which was used in this study.
No company, grant agency or employer influenced the design of the stury, its evaluation, nor

its conclusions.



List of used abbreviations and symbols

Abbreviation Explanation (base unit)
'H NMR 'H nuclear magnetic resonance
"H MRI 'H magnetic resonance imaging

'H-13C HSQC-edit NMR  'H-!3C multiplicity edited, heteronuclear single quantum

coherence spectroscopy nuclear magnetic resonance

BC{'H} NMR B3C nuclear magnetic resonance with 'H decoupling
F NMR F nuclear magnetic resonance
A fraction of the administered polymer which becomes tissue

bound (enters the Phase 2 of the kinetics)

ACVA 4,4'-[(E)-diazenediyl]bis(4-cyanopentanoic acid)
AIBN 2,2'-azobis(2-methylpropionitrile)

ANOVA analysis of variance

B overall magnetic field (T)

B external magnetic field (T)

Bhiled magnetic field from the local electron movements (T)
BPO dibenzoyl peroxide

Cx molar concentration of compound x (mol-L ")

CI confidence interval

Clgyg confidence interval, 90%

Clgs confidence interval, 95%

Clgg confidence interval, 99%

CPT cloud point temperature

CTA chain transfer agent

CA California, state of the USA

D diffusion coefficient (diffusivity, or mass diffusivity)
D content of deuterium of all hydrogen atoms (e.g. ‘in 99.80% D’)
d doublet (in NMR)

dd doublet of doublets (in NMR)

ddd doublet of doublets of doublets (in NMR)

DEPT distortionless enhancement by polarization transfer
dn/dc specific refractive index increment (L-g!)

DLS dynamic light scattering

DMEM Dulbecco modified Eagle medium
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DMF
DSC
DMSO
DMSO-6d
DYE-NH>
e

E1

E:

Es

F1

F2

F3

FBS

GA UK
GPC
H&E

HF

HPLC
HSQC

I

I

I
IR-A
IR-B
IR-C
ITC

kNTB—>B
kTB—>B
kKID

kLIV

N,N-dimethylformamide

differential scanning calorimetry

dimethyl sulfoxide

perdeuterated dimethyl sulfoxide

amino-derivative of a fluorescent dye (in this case Cy7-amine)
Euler’s number (= 2.718)
poly[(N,N-diethyl)acrylamide], lowest My,
poly[(N,N-diethyl)acrylamide], medium M,
poly[(N,N-diethyl)acrylamide], highest My
poly[(N-2,2-difluoroethyl)acrylamide], lowest My
poly[(N-2,2-difluoroethyl)acrylamide], medium M,
poly[(N-2,2-difluoroethyl)acrylamide], highest M,

foetal bovine serum (fetal bovine serum in US English)
Grantova agentura UK (the Charles University Grant Agency)
gel permeation chromatography

haematoxylin & eosin stain

human fibroblasts

high-performance liquid chromatography

heteronuclear single quantum coherence spectroscopy
intensity of signal in fluorescence imaging
poly[(N-isopropyl)acrylamide], lowest M (see Table 1)
poly[(N-isopropyl)acrylamide], medium M,, (see Table 1)
poly[(N-isopropyl)acrylamide], highest M, (see Table 1)
infrared light, subtype A (700 to 1400 nm)

infrared light, subtype B (1400 to 3000 nm)

infrared light, subtype C (3000 to 10.000.000 nm)
isothermal titration calorimetry

spin-spin coupling constant (J-coupling constant)
kinetics constant (s ')

dissolution constant of the non-tissue bound polymer
dissolution constant of the tissue bound polymer
dissolution constant of the kidney depot

dissolution constant of the liver depot
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LCST
LFT
LFT-HB
NMR

m

my

M,

My
MALS
MeOH
MeOH-4d
MiliQ/MilliQ water
MRI

PAI

PBS
PDI
pDFEA
pDEA
PET

lower critical solution temperature

lattice fluid theory

lattice fluid theory with hydrogen bonding correction
nuclear magnetic resonance

multiplet (in NMR)

mass of compound x (kg)
number-average molar mass (g-mol ™)
weight-average molecular weight (g-mol ™)
multiangle light scattering

methanol

perdeuterated methanol

ultrapure water

magnetic resonance imaging

refractive index

sample size

molar amount of compound x (mol)
number of energy states

population of low spin state

population of high spin state

propylamine

not applicable

not available

p-value

poly[(N-acryloyl)pyrrolidine], lowest My,
poly[(N-acryloyl)pyrrolidine], medium My
poly[(N-acryloyl)pyrrolidine], highest M,
photoacoustic imaging
poly[(N-acryloyl)pyrrolidine

phosphate saline buffer

dispersity index (D = My/My,)
poly[(N-2,2-difluoroethyl)acrylamide]
poly[(N,N-diethyl)acrylamide]

positron emission tomography
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pH
pNIPAM

ppm
PyBOP

RI
rMSC
ROI

RAFT

SAXS
SD
SEC

SI
SPECT

A

ty,

Tcp
TCEP
TEA
TGC
THF
tt

tdd
UCST
US
US-PAI

potential of hydrogen
poly[(N-isopropyl)acrylamide]

parts per million
(benzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate

hydrodynamic radius of the particle (m)
refractive index

rat mesenchymal stem cells

region of interest

revolutions per minute; rotations per minute
reversible addition—fragmentation chain-transfer polymerization
spin quantum number

area of depot in fluorescence imaging
small-angle X-ray scattering

standard deviation

size exclusion chromatography

supporting information

single photon emission computer tomography
triplet (in NMR)

temperature (K)

spin—lattice relaxation time (s)

half-life of nuclide or reaction (s)

cloud point temperature (K)
tris(2-carboxyethyl)phosphine hydrochloride
triethylamine

time gain compensation

tetrahydrofuran; oxolane

triplet of triplets (in NMR)

triplet of doublets of doublet (in NMR)
upper critical solution temperature
ultrasound

ultrasound-photoacoustic imaging

ultraviolet [light]
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UV/VIS ultraviolet/visible light

UV-A ultraviolet light, subtype A (315 to 400 nm)

UV-B ultraviolet light, subtype B (280 to 315 nm)

UV-C ultraviolet light, subtype C (100 to 218 nm)

Vy volume of compound x (L)

v/v volume fraction, volume per volume

WAXS wide-angle X-ray scattering

X mean value

Zy confidence level value (zgg = 1.645, zg5 = 1.96, zg9 = 2.576)
y gyromagnetic ratio (rad-s'-T 1)

chemical shift factor

8 sample chemical shift of the study atom

n viscosity of the media (kg-m-s~)

AE energies between the two energetic states (J-mol™!)
AH change of enthalpy (J-mol™")

yl wavelength (m™)

(4 constant, = 3.14159

T delay time (s)

W angular frequency (Larmor frequency; rad-s')
Wsample Larmor frequency of the study atom (rad-s™)

Wref Larmor frequency of a reference atom (rad-s ')
DPwm dispersity index, defined as My/M,

h reduced Planck’s constant (Dirac constant; =~ 1.055-107* J-s)
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1. Introduction
1.1. Polymer synthesis

Numerous synthetic approaches can be employed to prepare polymers with a narrow molar
weight distribution (low dispersity, Pwm). Probably the most common method of preparing
polymers with a low polydispersity is the living polymerization with fast rate of initiation.** In
these methods, the growing polymer chain is stabilized with a moiety, that enables the addition
of new monomer units, but prevents the chain depolymerization and growth termination. As a
result, if the polymerization is initialized quickly, all polymer chains have nearly equal lengths
(because they grow statistically, and their growth cannot be terminated).

A very convenient polymer preparation method is the reversible-deactivation radical
polymerization (RAFT) synthesis (Figure 1), which is a type of the living polymerization. This
synthesis occurs in three steps:°

Step I: initiation. The reaction is most often initialized by in situ generated reactive radical
species, which can be conveniently accomplished with heat-induced/ photoinduced degradation
of 2,2'-azobis(2-methylpropionitrile) (AIBN), dibenzoyl peroxide (BPO), 4,4'-azobis(4-
cyanopentanoic acid) (AVPA), or similar compounds.®

Step II: propagation. The in situ generated radicals react with monomer forming
an oligomer/polymer chain with an unpaired valence electron at its end, which can be stabilized
by RAFT-reagent. Note, that the stabilization with RAFT-reagent is reversible under the
reaction conditions, therefore, the stabilized (non-reactive) radical RAFT-protected polymer
chain can convert back into the more reactive non-protected polymer chain, which can continue
the polymer propagation. In ideal conditions, the unpaired electron is never recombined or
transformed in an irreversible reaction, thus the polymer chain growth should continue until
uninterrupted by quenching reactions.’

Step III: quenching (termination). At a predetermined timepoint, a new reagent (usually
water, alcohols, or amines) is added into the reaction flask, thereby terminating the polymer
growth. If performed correctly, RAFT-reaction provides a polymer product with a defined

polymer length and low dispersity index (as low as 1.05 or lower).’
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Figure 1. The general scheme of RAFT polymer synthesis.’

1.2. Thermoresponsive polymers

Thermoresponsive (temperature-responsive) polymers are those polymers, whose physico-
chemical properties change discontinuously with the change of temperature. Most commonly,
the concerned property is the solubility of these polymers in a solvent. In principle, we can

distinguish two types of thermoresponsiveness of solutions: lower critical solution temperature

(LCST) and wupper critical solution temperature (UCST; Figure2). LCST-type of

thermoresponsive solutions form homogeneous solutions below a threshold temperature (cloud
point temperature, 7cp) but separate into two phases with high and low concentrations upon
heating above this Tcp.”> UCST-type of thermoresponsive solutions form homogeneous
solutions above a threshold temperature (7cp), but separate into two phases with high and low

concentrations upon cooling below this 7Tcp.°

Binodal b)
\‘ Chi]-’h ch”’,h
T Miscibility
TT Miscibility 1 Phase
Gap UCST
2 phases
Miscibility
LCST Miscibility Gap
W 1 Phase y 2 phases
0 LCSC 1 0 ucsc 1
Xp Xp

Figure 2. Phase diagram for a binary polymer—solvent mixture exhibiting (A) LCST behaviour

and (B) UCST behaviour; adapted from literature.’
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6,8,12

Tce depends on polymer molar mass (dispersity)®* ! and concentration, on solution

pH"*"1¢ and on the concentration and type of ions'®2* (due to the Hofmeister effect!”), proteins

16,25-28

and other macromolecules in solution (due to the excluded volume/ molecular crowding

effect,?? competition for solvent, or non-covalent protein-polymer interactions’), among other

6,32

factors.®*3! Polymer tacticity®? and terminal moiety (e.g., a chain transfer agent, CTA)%3%4

H, 15,23,35

and even fairly subtle environmental changes, including changes in solution p can also

affect the 7cp. Several theories, especially the Lattice Fluid Theory with hydrogen-bonding

corrections (LFT-HB)*® and other (more advanced) models,?*-*74

reliably describe 7cp as a
function of polymer concentration but they are rather complicated and heavily rely on empirical
data.?®3¢% Unsurprisingly, many authors agree with the need to assess the thermoresponsive
properties of a polymer experimentally, %%17:19.28.37:41

Many techniques can be used to determine the 7cp of a given polymeric system, such as
turbidimetry/ spectrophotometry, rheology, refractometry, infrared spectroscopy, small-angle
neutron scattering, dynamic light scattering and small-angle/-wide angle X-ray scattering
(DLS, SAXS WAXS), 'H or ’F NMR (nuclear magnetic resonance) spectroscopy, isothermal
and differential scanning (micro)calorimetry, among others. Spectrophotometry (turbidimetry)
is arguably the most common method for determining the 7cp of a solution of a

thermoresponsive polymer because this method is widely available, quick, sensitive, and robust,

accurately providing the 7cp at both high and relatively low concentrations. However, beam

42,43 8,42

wavelength,*? heating and stirring rates,*>* as well as the selected threshold absorbance,®*? can

alter the measurement sensitivity and thus shift the experimental Tcp.** Moreover, this method

may be inaccurate for absorbing (coloured) or non-homogeneous samples'>*

and for polymer
solutions with a very low refractive index increment (dn/dc) — for such samples, DLS is a more
reliable option.*? In turn, DLS may provide additional information about the variation in the
size of molecular assemblies as a function of temperature (with some bias concerning larger

),* but this method is more time demanding and laborious than turbidimetry.**

structures

Notwithstanding the wide range of methods for determining the 7cp of thermoresponsive
polymers and for their thorough characterization, most previous systematic studies have only
done so in non-physiological solutions. Furthermore, the solvent (phosphate-buftfered saline,
PBS, foetal bovine serum, FBS, plasma, serum, and interstitial fluid) effect on the Tcps of such
polymer solutions has never been systematically assessed, with most researchers analysing the
effects of polymer molar weight or salts/ proteins on 7cp separately and under different

conditions. Similar homopolymers prepared/ measured under different conditions may display
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vastly different thermoresponsive properties, as shown by meta-analysis.*® Therefore,
understanding how molar mass and salts/ proteins affect 7cp requires assessing all these effects
with one batch of polymers in a head-to-head study. While numerous thermoresponsive
homopolymers have already been reported, out of polyacrylamides, only poly[(/N-
isopropyl)acrylamide]  (pNIPAM)!6-20:26.27:4546 and poly[(N-acryloyl)pyrrolidine] (pAP)*
have been extensively studied in both water and (at least partly) physiologically relevant
solutions. Those studies have shown that 7cp is significantly lower in those solutions than in

water.

1.3. Applications of thermoresponsive polymers
Thermoresponsive polymers have been proposed/ investigated for many (biomedical)

applications. An example of a promising biomedical application is the in vivo formation
injectable implants/ depots (Figure 3).1>4" In this applications, non-toxic thermoresponsive
(co)polymers with Tcp bellow body temperature are dissolved in water at room temperature and
administered into a target tissue. Upon administration, the solution heats up to body temperature
and therefore forms a physically cross-linked aggregates, which can be used e.g. in wound
dressing.*®* If a hydrophobic drug is co-administered with the polymer, the drug becomes
“trapped” in the polymer aggregates, which can substantially prolong the release of the drug
into the surrounding tissue and thus prolonging its effect.!**7%52  Furthermore,
thermoresponsive polymers can be labelled with radioactive nuclides and used for
brachytherapy.’*>* Thermoresponsive polymers have been proposed and investigated across

various fields, including switchable substrates for cell/tissue culture,”>® drug delivery

systems,’>? gene delivery/therapy®® %, tissue engineering,>”%~% wound dressing, biosensors,®
vaccines/immunotherapy,®” among others.®%%
-
"‘i\% T=20°C T=37°C

Figure 3. Scheme of injectable depot of thermoresponsive polymer: polymer dissolves in water

at low temperature (left), but aggregates at body temperature upon administration (right);
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adapted from literature and modified.'?

1.4. Pharmacokinetics and pharmacodynamics of thermoresponsive polymers
Despite the great interest in medicinal research of thermoresponsive polymers, the

knowledge of the actual polymer’s fate and the pharmacokinetics of polymer’s elimination is
still very limited.'*7%"! Data from one study indicate that the dissolution of the intramuscularly-
administered poly(N-isopropylacrylamide), Mw =28 kg/mol depot follows a two-phase
kinetics: during the first phase the signal decreases quickly for a number of days, which is
followed by a period of slow decrease over several weeks.”® This study showed that the polymer
is released from the body via urine and faeces nearly equally.”” Another study regarding the
biodistribution of the LCST-exhibiting polymers focused on the poly(N-(2,2-
difluoroethyl)acrylamide):'? the study has shown that the copolymers with various amounts of
2-hydroxyethyl acrylamide co-monomer (hydrophilic; non-ionic monomer; it does not exhibit
thermoresponsive properties) in various ratios can alter both the phase-separation temperature
of the aqueous solutions as well as the biological half-life of the polymer.!* The study has also
suggested a possible kinetics model.!* Nevertheless, these models are limited to only a handful
of (co)polymers, and a systemic study of pharmacokinetics of various thermoresponsive

copolymers is still missing in the literature.

1.5. Polymer characterization
1.5.1. NMR spectroscopy

Nuclear magnetic resonance (NMR) is a useful spectroscopic technique that enables to
determine the chemical formulas of compounds in a sample. This method can assess the
concentration most nuclides and distinguish the atoms from different moieties (works for
nuclides, where the spin quantum number, S, is non-zero; such as 'H, 13C, °F, 3!P or !"Sn),
making it a particularly useful tool in organic, inorganic and polymer chemistry.”*

When an atom with spin quantum number (S) is exposed to external magnetic field, its spin
states cease to have equal energies and the nucleus spin-related energies will split into N

energetic states (Equation 1).
N=25+1 (D)

Where N is the number of energy states and S is the spin quantum number of the nucleus.!

Noteworthily, if the spin quantum number is equal to zero, the nucleus has only one energetic

i For example, S = 0 for “He or '°0, S = % for 1H, 13C, 1F or 31P, S = 1 for 2H, 170, and S = 9 for 180m1Tg,7>73
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state and therefore no energy split in the external magnetic field is observed. If the nucleus has
only 2 possible states (for S = ¥2), the difference of energies between the two energetic states

(AE) can be calculated with Equation 2:
AE = —yhB (2)

where y is the gyromagnetic ratio of the nucleus; # is the reduced Planck’s constant (also
known as Dirac constant; = 1.055-107* J-s) and B is the magnetic field. As a result, these non-
equal energy states will have different spin populations. The ratio of population high-energy

spin (N;) to low-energy spin state (N,) follows Boltzmann distribution (Equation 3):

N YhB
- = ekBT (3)

where e is the Euler’s number (=2.718) and kg is the Boltzmann -constant
(= 1.381:10 % kg'm?-s 2-K ). Therefore, in the ground state, low-energy spin state is slightly
more populated than the high-energy spin state. However, the state populations can be inverted
with an electromagnetic pulse (excitation pulse) with a frequency close to that of Larmor
frequency' of the nucleus. Subsequently, these excited atoms gradually return into their ground
state (the duration of this process is described by parameter 77, which varies from a few
microseconds to a few seconds).”? However, until they return into their ground state, the excited
nuclei undergo a nuclear precession, in which they induce temporary fluctuations of magnetic
field, that can induce a current in nearby coils, thus generating a signal. These temporary
fluctuations of magnetic field may be ascribed to Larmor precession; their frequency can be

described with Equation 4:
w= —yB (4)

where w is the angular frequency (Larmor frequency); y is the gyromagnetic ratio of
a nuclide (constant for specific nuclides”) and B is the overall magnetic field effecting the
nuclei. Nevertheless, the overall magnetic field (B) can be described as a difference of external
magnetic field (By) and the magnetic field originating from the local electron movements

(Bshileq) and local “shielding” (Equation 5).”

B = By — Bshiled (5)

i For example, the magnetic ratio is 267.52-10° rad-s™'-T! for 'H; 285.35-10° rad-s™'-T~! for *H; 67.28-10°rad-s
LT for 1BC; 27.12:10° rad-s'-T! for "“N; —36.28-10° rad-s"-T! for '"O; 251.81:10° rad-s'-T! for '°F;
108.39-10° rad-s - T! for *'P; 8.68-10° rad-s - T! for **Fe; 156.92-10° rad-s!-T"! for 2%°T1.7?
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Therefore, each atom in the molecule exhibits slightly different Larmor frequency (w)

because it is exposed to a slightly different magnetic field. This difference of Larmor

frequencies can be ascribed with a chemical shift factor (§, Equation 6).”

Wsample — Wref

6sample = Wrof (6)
re

where 8sample” is the chemical shift of the study atom, wgampie is the Larmor frequency of

the study atom and w,e¢ is the Larmor frequency of a reference atom from a reference compound
(determined by International Union of Pure and Applied Chemistry, [UPAC™).*7>7376 Because
chemical shifts tend to be very low numbers, their values are usually expressed in parts per
million (ppm).”

The recorded signal as a function of time can be processed using Fourier transform to obtain
NMR spectrum. Each peak corresponds to a specific atom or a moiety (they are characterized
by their unique chemical shift), and the signal integral is linearly proportional to the
concentration of this moiety in the sample.”

Furthermore, advanced NMR techniques can employ cross-polarisation (crossing of
excitation from one atom to another), mixing and evolution of signal in time.”* Most important
advanced NMR techniques are attached proton test (APT) and distortionless enhancement by
polarization transfer (DEPT) which can distinguish CH3 moieties from CH, and CH in 'H NMR
spectrum, correlation spectroscopy ('H-'H COSY), which correlates the 'H signals with J-
coupling constant of =2 Hz or higher, and heteronuclear single-quantum correlation
spectroscopy ('H-!*C HSQC), which correlates 'H and '*C spectra and enables the assignment

of hydrogens and carbons from one moiety.’

1.5.2. Size exclusion chromatography

Size-exclusion chromatography (SEC) is a chromatographic technique that enables the
separation of molecules by their size. This method is very useful when working with a mixture
of macromolecules (usually in biochemistry and in polymer chemistry).””-’®
The stationary phase of SEC is a porous material with defined pore-size (such as Sephadex®

G-25 or Sepharose® 2B). If sample contains both small and large molecules, small molecules

it The values of chemical shift are specific for the atom (regardless of isotope) and its chemical surrounding. For
example, hydrogen atoms most commonly have chemical shift ranging from —1 to 12 ppm; fluorine atoms from —
400 to 700 ppm; phosphorus atoms from —180 to 250 ppm, cobalt atoms from —4000 to 14000 ppm.”
¥ For example, the reference compound for 'THNMR and '3C NMR is tetramethylsilane; for 'F NMR is
trichlorofluoromethane, for 3'P NMR is phosphoric acid and for !'?Sn NMR is tetramethylstannane.”
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(salts, dyes) can interact with the pores and get adsorbed (“stuck”) in them, while large
molecules (polymers, proteins) cannot interact with these small pores due to steric hinderance.
As a result, large molecules usually pass through the column rather quickly, while small
molecules are delayed.”””® Furthermore, the retention factor of a polymer can be used to

estimate the molar weight of the macromolecule.”

1.5.3. Turbidimetry

Turbidimetry is a spectroscopic technique that measures the decrease in transmitted light
intensity caused by scattering or absorption.*> Turbidimetry can determine the Tcp of a given
system because the polymer aggregation (in most cases) increases the scattering rate of the
sample. This method is widely available, quick, sensitive, and reasonably robust, accurately
providing the 7cp at both low and relatively high concentrations.

Noteworthily, the beam wavelength,®* heating and stirring rates,*” and the selected

8,42

threshold absorbance®*” may alter the measurement sensitivity and thus shift the experimental

Tcp.*? Furthermore, the increase of scattering rate during polymer aggregation depends on the

42,44

dn/dc of the polymer solution. If the dn/dc were equal to 0.00 mL-g ! (rare, but possible),

the polymer aggregation does not increase the turbidity of the sample, thus preventing from use

of turbidimetry to determine the Tcp.*>**

1.5.4. Refractive index increment (dn/dc)
The refractive index increment (dn/dc) of a solution is a constant that describes the variation

)‘79

of the refractive index (n) with the solute concentration (c¢).”” This constant depends on many

parameters but mostly on the chemical structure of solute and solvent, sample density, pressure,
temperature and wavelength of the light passing through the sample.**”

Refractive index increment can be measured with many techniques, but possibly the most
convenient is the differential refractometry (Figure 4). In this method, monochromatic light
passes through two triangular-prism cells, that together form a rectangular cuboid. Each cell is
filled with a different media — one cell (reference cell) contains a medium with a known
refractive index (usually water, pure solvent, or saturated aqueous solution of KCI); the other
cell contains a sample solution with an unknown refractive index. The difference of refractive
indexes of media between sample and reference causes a shift of beam light, which can be
detected using photodiodes. Because the magnitude of beam light shift is proportional to the

difference of refractive indexes, the change of signal in photodiodes can be used to calculate

the refractive index of sample. Lastly, the dn/dc can be determined from measurement of
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refractive index of one sample in multiple dilutions; the refractive index increases/ decreases
linearly with the solute concentration (if the solute concentration has only a negligible effect on
the density of the solution).*

Knowing the value of systems’ dn/dc is useful when determining 7cp turbidimetrically and
it is critical for multi-angle light scattering (MALS) techniques to determine the concentration
and the weight-average molar mass of polymers.**’ Furthermore, differential refractometers
can be used as detectors in detection/characterization of polymers in size exclusion

chromatography (SEC) and high-pressure liquid chromatography (HPLC).8!"%3

Dual-Element
Photodiode

Collimating
Lens \I\ I I
Sample Cell
Sample Cell y
|1
L~
Reference
Reference I I Cell
Cell \ /

Incident Light

Figure 4. The principle of differential refractometry; figure adapted from literature®® and

modified.

1.5.5. Dynamic light scattering (DLS)

Dynamic light scattering is a physico-chemical technique that enables to determine the size
distributions of particles in a suspension.* This method assesses the particle size distribution
from the fluctuations of intensity of the transmitted light.®*

The diffusion coefficient of a particle (D, m?s ') is affected by the hydrodynamic radius of

the particle (R}, m), which can be derived from Stokes-Einstein equation (Equation 7):

kT
N 67T7’]Rh

(7)

where ky, is Boltzmann constant (1.381-10% kg-m?-s>-K "), T is the temperature (K), 77 is

viscosity of the media (kg-m-s2).
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The Brownian motion of particles in the sample solution can cause a fluctuation of
transmittance of the sample (Figure 5). While the motion of small particles causes only a small
decrease of intensity (because these particles obscure only a small area) for a short time
(because their diffusion is fast), large particles cause a large decrease of intensity and for a
longer time (because obscure a large area and their diffusion is slower than that in small
particles).**%* Furthermore, the transmittance as a function of time can be measured from

different angles simultaneously and the data from various angles can be correlated to obtain

delay time (T, 5).**%
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Figure 5: Comparison of fluctuations of beam intensity caused by Brownian motion of small
(A) and large particles (B), and corresponding autocorrelation functions (C, D). The figure was

adapted from literature®® and modified.

The delay time (t) provides the information about the size of the particle.** Therefore, upon
complex processing,®”*® the intensity as a function of time can provide the information about
the size distribution of the particles in the sample. This information may be useful when
assessing the Tcp of a polymer solution,®!*? determining the critical association concentrations
(CAC) of a compound,* and determining how CAC changes as a function of temperature or

oxidation state.>®
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1.5.6. Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) is a physico-chemical technique used to determine the
thermodynamic parameters of interactions in solutions. This technique is commonly used in
biochemistry and supramolecular chemistry to investigate the interactions between proteins,
complexes, or ligands with receptors.®*

Firstly, a solution of analyte is equilibrated to a target temperature in a thermally isolated
reaction chamber. Subsequently, the system equilibrium is disrupted by (consecutively) adding
small portions of titrant, while measuring the heat flux caused by the establishment of a new
equilibrium (due to formation of new bonds between titrator and analyte). Then, this procedure
is repeated, but analyte is replaced with pure solvent (blank experiment; titration of titrator into
solvent). By subtracting the heat flux from blank experiment from the heat flux of the sample
titration, we can obtain a complex titration isotherm,” which provides the information about
the thermodynamics and stoichiometry of analyte-titrator interactions. This data is then fitted
with a properly chosen model for the investigated complexation reaction (most commonly
Wiseman isothermal model®®), thus obtaining the information about the reaction enthalpy (4H,

J-mol™), reaction entropy (4S, J-mol'-K™!), multiplicity of binding sites (n), and many more.”

1.6. In vitro biological properties
1.6.1. In vitro cytotoxicity

In vitro cytotoxicity is a property of a compounds that describes their toxic effect on a given
cell lines in vitro. Cytotoxicity is usually determined by studying the cell viability as a function
of the study-compound concentration in the cultivation media. The assessment of cytotoxicity
is highly desirable to prevent the administration of toxic drug-candidates into living organism.”!

The most common cytotoxicity assay is the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay.”? In this assay, the cells are incubated in an appropriate
medium and temperature for a predetermined time. After the initial incubation, a sample of
study compound or pure solvent (control experiment) is added to the cells and the cells are
incubated for 24 or 48 hours.”? Afterwards, MTT is added to the cells. MTT is a colourless-to-
yellow compound, but it can be metabolised in the mitochondria of living cells into purple 1-
(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan (formazan).” After a predetermined time, the
concentration of formazan (linear to cell viability) is determined spectrophotometrically and
compared to that in control cells. The results are usually expressed as a decrease of cell viability:
if the viability decreases to 70% or lower of control group, the compound is considered
cytotoxic.”! Although the MTT assay is very convenient and used to be the standard test, recent
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studies have shown that MTT can be reduced to formazan by ascorbate, cysteine, glutathione,
among others, increasing the possibility of false negative cytotoxicity.”> Furthermore, both
MTT and formazan may accumulate in cellular lipidic structures and be oxidized/reduced
without the presence of oxidoreductase enzymes.” As a result, the MTT is considered obsolete
(but still accepted)®! and is commonly replaced by other methods, such as resazurin assay.’!
Resazurin assay (also known as alamarBlue™ or PrestoBlue™, among others) is a similar
method to MTT assay that utilizes a different dye, resazurin (green fluorescence) which is
oxidized to resorufin (orange fluorescence) in living cells.”* The Alamar Blue assay appears to
be more sensitive, specific and selective assay for determining the cellular cytotoxicity than the

standard MTT assay.”!

1.7. In vivo biological properties
1.7.1. Pharmacokinetics

The pharmacokinetics of a compound can be described by following phases: liberation,
absorption, distribution, metabolism, excretion (acronym LADME; liberation is often

disregarded and acronym ADME is used instead).”®"’

1) Liberation. After the administration of a drug in a specific drug-form, the drug formulation
degrades and releases its drug content. The drug release can be intentionally designed to be
as fast as possible (if the desired effect should occur quickly), or it can be intentionally
prolonged to ensure a steady level of drug for management of chronic problems (usually in
chronic/preventive treatment).”®"’

The liberation phase is relevant only to some routes of drug administrations, mostly in per os,
but also in rectal, or vaginal routes of administration. Nevertheless, the liberation phase can

be disregarded in intravascular route of administration.’®"’

2) Absorption. The liberated drugs can be absorbed into the body and enter systemic
circulation. The absorption of drugs can be passive through membranes (no transporter
required for the uptake, e.g. oxygen or carbon dioxide); facilitated passive (heme-carrier
protein 1 in heme absorption)’® or active (requires specific transporters and energy, such as
SGLTI1, which actively transport glucose”).”**” The absorption phase can be disregarded in

intravascular route of administration.’%°’

3) Distribution. The absorbed drug is then carried through the bloodstream into the whole
body, from which it can enter organs including the target organs.”®” However, the final

concentration of drug in each organ does not necessarily have to be the identical. Very
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lipophilic molecules may accumulate preferentially in adipose tissue (e.g. N-
acetyldesipramine!®’); the biodistribution can be influenced by facilitated/active transport

out of tissue (e.g. loperamide!®!) or into the tissue (e.g. 2-deoxy-2-['®F]fluoroglucose into

102 103) 104

neurons or tumours; - choline derivatives into tumours

4) Metabolism. The xenobiotics can be metabolised into their metabolites with a broad range
of chemical reactions. Most commonly, the xenobiotics can be oxidized (this may involve
cytochromes P450),!% hydroxylated, reduced, epoxidized, hydrolysed or condensed with a
large moiety to increase the compound’s hydrophilicity to allow subsequent renal

elimination (glucuronic acid, sulphuric acid, glycine).?®7:1%

5) Excretion. Finally, the administered drug or its metabolites can be excreted from the target
organ into the bloodstream and from there out of the body. The most common excretion
ways include kidney (typical for highly hydrophilic molecules) and bile (typical for large
and relatively hydrophobic molecules); other ways are rare, but possible (e.g. lungs for

volatile compounds, %719 skin or milk).”®7

1.7.2. In vivo biodistribution

Biodistribution of the study compound (for example drugs, toxins, metabolites) is the
description of its distribution throughout the organism as a function of time. The presence of a
compounds in an organ may be a prerequisite to the desired biological effect, but its presence
in other organs may cause undesired side effects. Therefore, knowing compounds’
biodistribution in the organism may be crucial to its biomedical applications. The

biodistribution of a compound can be determined in following ways:

1) Administration of compounds and subsequent ex vivo determination. The study
compound is administered into the organism and the samples of tissues or body fluids are
collected (for example blood, tissue, urine, faeces, saliva). The compounds of interest are
extracted and subsequently separated, analysed, and quantified (for example by HPLC with
UV-vis detector).!” This analysis enables the evaluation of compound’s concentration as a
function of time within the given fluid/ body compartment. Although this method is direct
and provides reliable results, the concentrations of compounds in the body fluids may be too
low for UV-vis detection or mass spectroscopy. Furthermore, this direct method is difficult
to use when the compound of interest can be metabolised: the metabolites may have a
different HPLC-retention times from the original compounds making it harder to track

them.!®®

28



2) Administration of compounds labelled with radioisotope. The presence of radioisotope
can significantly improve the sensitivity of compounds detection, thus enabling us to work
with lower concentrations of compounds. Furthermore, this method enables the detection of
metabolites of the administered compounds (if the radiolabelled moiety is not cleaved during
the metabolism). However, working with radioisotopes has its disadvantages: it required
skilled personnel, radionuclides are costly, and the labelled compounds decay quickly while
exposing patients/ lab animals and personnel to radiation. This method can be used in vivo

or ex vivo:

a) Ex vivo biodistribution. In this method, samples of tissue/ body fluids are collected at
various timepoints, and the concentration of radioisotope is assessed. The presence of
radioisotope can be utilized to increase the sensitivity and specificity of the measurement.
Body fluids are collected, the compounds of interest are separated, analysed, and
quantified (for example by HPLC with a radio-detector). A great advantage of this method

is, that it enables the determination (and possibly isolation) of drug-metabolites.'!%!!1

b) Single Photon Emission Computer Tomography (SPECT) is a tomographic imaging
technique that enables the detection of radioisotope biodistribution in vivo. The study
compound is traced with radioisotope, commonly ¢’Ga (t,, = 67 h, E = 1.0 MeV), *™Tc
(ty,=6.0h, E=140keV), "In (t,=2.8d,E=860keV), I (t,=13.2h,
E=159keV) or B (t,, =8.0d, E =971 keV).!">!3 SPECT is commonly used in
clinical practice to asses the biodistribution of tracers with known affinity towards some
tissues/ pathologies, such as *™Tc-sestamibi (for myocardial perfusion imaging''*) or

99mTc-exametazime (for functional brain imaging'!'®), among others.!!?

c¢) Positron Emission Tomography (PET) is a tomographic imaging technique that enables
the detection biodistribution of a radioisotope. The study compound is traced with
radioisotope, commonly !'C (t;,=20min, E =198 MeV), N (&, =10 min,
E =2.22keV), ®F (t, = 110 min, E = 1.66 MeV), ®*Ga (t, = 68 h, E = 2.92 MeV), **Cu
(ty, =12.8h, E=1.68/0.58 MeV), or > (t,, =4.2d, E=3.16 MeV).!''>!13 PET is
commonly used in clinical practice to asses the biodistribution of tracers with known
affinity towards some tissues/ pathologies, such as 2-deoxy-2-['*F]fluoroglucose (for
tumour and neurological imaging!'®®) or choline derivatives (for tumour imaging'®),

among others.'? Although PET imaging hardware is more demanding and expensive than

SPECT hardware, the resulting image of PET can have a significantly higher resolution
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and contrast than that of SPECT. As a result, PET imaging is becoming more and more

common in the clinics.

3) Administration of compounds labelled

with MRI tracer/ contrast agent. Magnetic

resonance imaging (MRI) is a clinically used diagnostic tool, which posses as an alternative

to radioactive tracing. This method uses gradients of magnetic fields and high-frequency

pulses to assess the presence of nuclides. The nuclides with high gyroscopic ratios (such as

H, F, *He, 2°°Tl, 2Tl, or *P see Figure 6)’* are advantageous for heteronuclear MRI

(because they have a high sensitivity).!>>*!1 Furthermore, it is highly desirable if the nuclide

is commonly available and no isotope enrichment is required. Of all elements, monoisotopic

1F is the most prominent element for heteronuclear MRI.''® Although, heteronuclear MRI

has relatively low sensitivity, it is a promising alternative to PET and SPECT that does not

involve any radioisotopes.!!®
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Figure 6. Natural abundance of the selected nuclides and their receptivity relative to 'H," based

on data in the literature.”

MRI.

The blue area shows the most suitable nuclides for heteronuclear

Additionally, the compounds can be traced with a moiety that alters the MR relaxation

properties of the surrounding water and thus increases the signal of 'H MRI (usually chelates

of lanthanides).!!” Although this is rather an elegant method with reasonably high sensitivity,

Vv Receptivity, also called sensitivity, is a quantity that, in layman’s terms, describes how “easily” the nucleus can

be detected. Its value is equal to y*-I-(I + 1)
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the lanthanide chelates are large to very large moieties that can alter the biodistribution of

the molecule.

4) In vivo fluorescence imaging is a non-invasive imaging technique that enables the
localization of fluorescent compounds in living organisms. In this method, strong light with
a wavelength corresponding to the excitation wavelength of the fluorescent compound
irradiates the organism and excites the fluorescent compound. Subsequently, the excited dye
return into its ground state and emits light corresponding to its emission wavelength. Lastly,
the light emissions can be used to track the location and concentration of fluorescent
compound.

This method is rather elegant but has many limitations preventing its massive use
(especially in human medicine). The light penetration through the skin is limited (Figure 7);
therefore, this method is suitable for imaging of subcutaneous compounds in small animals
(especially when their skin is thinner). Furthermore, the signal depends heavily on the
geometry of the subcutaneous depots and its depth. The lowest extinction coefficients are in

red-to-infrared region;''®

therefore, ideally both excitation and emission wavelengths should
be in this region.

Despite these disadvantages, the in vivo fluorescence has numerous advantages: with
properly chosen fluorescence dyes, its sensitivity is high; nor the imaging, neither the dyes
damage the surrounding tissues (unlike radioisotopes), and the technique is safe for the
personnel and requires relatively little safety precautions (unlike radioisotopes). The method
is suitable for observing the dissolution of subcutaneous depots of fluorescent compounds

because the geometry of the depot changes only negligibly as a function of time and most

changes can be ascribed to the decrease of dye concentrations.

ultrawolet visib\e infrared

‘ ~ Wavelength Penetration
UWC UVB UVA  Violet Red IRC
= ‘VM of light Light depth
) H“ (nm) (mm)
250-280 UV-A 0.04
300 UV-B 0.10
360 UVv-C 0.19
400 violet 0.25
700 red 0.40
1200 IR-A 0.80
2000 IR-B 0.40

Figure 7. Light penetration in the human skln Penetration depth is defined as a depth, where

the light is attenuated down to 1%. Adapted from literature''® and modified.
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2. Aims of the Thesis

The aim of this thesis is to synthesize and characterize thermoresponsive polymers and

determine the pharmacokinetics of their intramuscularly administered depot.

1)

2)

3)

4)

5)

6)

7)

8)

9)

Poly[(N-2,2-difluoroethyl)acrylamide],  poly[(N-isopropyl)acrylamide],  poly[(N,N-
diethyl)acrylamide], and poly[(N-acryloyl)pyrrolidine] will be prepared by RAFT
polymerization in three different molar weights each (= 20to 25, 30to 35, and
40 to 50 kg/mol, Figure 8).

The RAFT reagent will be removed and replaces with inert moiety. The resulting polymers
will be characterized using SEC and NMR.

The study polymers will be thoroughly characterized in different biologically relevant
media (water, PBS, FBS) using turbidimetry, DLS, and calorimetry. The effect of ions on
the Tcp will be described.

The polymers will be labelled with fluorescent dye (Cy7-amine).

The polymer purity and chemical stability of the fluorescent label will be determined using
GPC.

The cytotoxicity of the study polymers in relevant cell lines will be determined.

The fluorescent dye-labelled polymers will be administered into mice and the polymer
biodistribution (signal as a function of time) will be determined using fluorescence
imaging.

The obtained data from biodistribution will be used to suggest a biodistribution model of
polymer.

A histological examination of mice will be performed to investigate any possible long-term

side effects of polymer administration.

10) All data will be evaluated. A correlation between physico-chemical properties of the

polymers and its biological retention will be investigated.

pDFEA  pNIPAM  pDEA pAP

rCHF2 Y

n n n

\ J VAN J

-

Figure 8. Structures of the study polymers: poly[(N-2,2-difluoroethyl)acrylamide] (pDFEA),
poly[(N-isopropyl)acrylamide]  (pNIPAM),  poly[(N,N-diethyl)acrylamide] (pDEA),
and poly[(N-acryloyl)pyrrolidine] (pAP).

32



3. Experimental Section

3.1. Materials

N,N-dimethylformamide (DMF), methanol (MeOH) and diethyl ether were purchased from
Lach-Ner s.r.o. (Neratovice, Czech Republic) in analytical quality. DMF was dried with 3.0 A
molecular sieves for at least 7 days. MeOH-4d (99.80% D) was purchased from Eurisotope
(Saint-Aubin, France). 2,2-Difluoroethylamine was purchased from Fluorochem (Derbyshire,
UK). Argon 5.0 (car > 99.999%) was purchased from Messer Technogas s.r.o. (Prague, Czech
Republic). Foetal bovine serum (FBS, qualified, heat inactivated, 10500-064, LOT 2165873H)
was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Cy7-amine was
purchased from Lumiprobe (Hannover, Germany). Sephadex™ LH-20 was purchased from
GE Healthcare (Chicago, MI, USA). Resazurin (PrestoBlue™) dye was purchased from
Thermo Fisher Scientific (Waltham, MA, United States); penicillin and streptomycin were
purchased from Thermo Fisher Scientific (Waltham, MA, USA). The remaining chemicals
were purchased from Sigma-Aldrich s.r.o. (Prague, Czech Republic).

Foetal bovine serum, and Cy7-amine were stored at —22 °C; monomers, their precursors,
NMR solvents were stored at 4 °C; the remaining chemicals were stored in a dry, dark storage
at ambient temperature. All chemicals were used without any additional purification, unless
stated otherwise. Human Fibroblast (HF) kindly provide by IEM AV CR (Institute of
experimental medicine) and rMSC (rat mesenchymal stem cell) from IKEM (Institute of
clinical and experimental medicine).

The mice feed (Altromin 1324 Velaz - maintenance diet) was obtained from Velaz, s.r.o.
(Prague, Czech Republic). Visidic® 2 mg/mL gel (Bausch+Lomb, Laval, Canada) was used for
eye protection of the mice during anaesthesia. Isoflurane for anaesthesia of the experimental
animals was purchased (AErrane 100 %) from Baxter Healthcare Ltd. (Norfolk, UK). We used
H&E Fast Staining Kit Art. No. 9194 and Van Gieson Trichrome Staining Kit 9193.1 stains for
histological examinations (Carl Roth GmbH + Co. KG, Karlsruhe, Germany); the corn oil was

purchased from Sigma-Aldrich s.r.o. (Prague, Czech Republic).

3.2. Instruments and used methods in polymer synthesis and characterizations
3.2.1. NMR spectroscopy

All NMR spectra were measured on a Bruker Avance Il HD 400 MHz spectrometer
(Bruker, Billerica, MA, USA) equipped with a broadband probe. All compounds (5 to 10 mg)
were dissolved in MeOH-4d (0.50 to 0.80 mL). The following spectra were assessed: '"H NMR

(32 scans, relaxation delay 30.0s), ’C NMR ('H decoupled, 1024 scans, relaxation delay
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2.00s), YFNMR (64 scans, relaxation delay 5.00s), 'H-*C multiplicity-edited HSQC
(heteronuclear single quantum coherence spectroscopy)!!®!2° (2 scans, relaxation delay 1.50 s,
size of the fid 2048 by 256, spectral width 14.0 by 200 ppm, using 'H and *C external
projections), see Figure S1-S20. These spectra were used to confirm the polymer structure and
to determine the purity; the multiplicity-edited HSQC spectra (Figure S3, S7, S11, S14, S17
and S20) were used for peak-matching. The spectra were processed in TopSpin 3.6.1 (Bruker,
Billerica, MA, USA) and MestReNova 6.0.2 (Mestrelab Research S.L., Santiago de

Compostela, Spain), trace contaminates were assigned according to reference.'?!

3.2.2. Size exclusion chromatography (SEC)

The number-average molar mass (M,), weight-average molar mass (My), and polymer
dispersity (Pm = Mw/M,) were determined by SEC using an HPLC Ultimate 3000 system
(Dionex, Sunnyvale, CA, USA) equipped with an SEC column (TSKgel SuperAW3000
150 x 6 mm, 4 pm). Three detectors, UV/VIS, refractive index (RI) Optilab®-rEX
and multiangle light scattering (MALS) DAWN® EOS (Wyatt Technology Co., Santa Barbara,
CA, USA), were employed with a methanol (A) and sodium acetate buffer (B, 0.3 M, pH 6.5)
mixture (A:B = 80:20 v/v, flow rate of 0.6 mL-min') as the mobile phase (Figure S21-S24).
The dn/dc the for the given mobile phase and polymers was 0.1100 (pDFEA), 0.1540
(pNIPAM), 0.2015 (pDEA), and 0.1646 mL-g! ( ) at wavelength 620 nm and 20 °C.

3.2.3. Turbidimetry

Turbidimetry was measured with Crystall 6™ parallel crystalliser turbidimeter (Avantium
Technologies, Ontario, Canada) connected to a recirculation chiller and dry compressed air.
Aqueous polymer solutions were heated from 10.0 °C to 55.0 °C (in some cases to 80.0 °C)
with a heating rate of 0.5 K-min!, followed by cooling to 10 °C and maintaining this
temperature for 30 min. Each measurement was repeated 6 times; the samples were stirred at
700 rpm.

All polymers were dissolved in ultrapure water, phosphate buffered saline (PBS, 140 mM,
pH = 7.40, Dulbecco type'??) or foetal bovine serum (FBS) at a concentration of 1.25, 2.50,
5.00, 10.00, 20.00 and 40.00 mg/mL. The samples were stored at 4 °C prior to their
measurement. Transmittance was monitored at 2 = 600 nm, a sudden decrease of transmittance

below 50% indicated the cloud point temperature.*?
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3.2.4. Refractive index increment (dn/dc)

We measured the refractive index increment (dn/dc) of all study polymers (in PBS in five
different concentrations (ca. = 0.12 to = 2.3 mg/mL) using PSS DnDc-2010/620 differential
refractometer (Polymer Standard Service, Mainz, Germany) at 620 nm and 29.0 °C. The data
were processed using Differential Refractometer Software (version 5.32, Brookhaven

Instruments Corp., Holtsville, NY, USA), see Figure S54 to S65.

3.2.5. Dynamic light scattering (DLS)

We determined the size of the polymer assemblies using dynamic light scattering (DLS) by
Zetasizer Nano-ZS, Model ZEN3600 (Malvern Instruments, Malvern, UK) at 8 = 173°
scattering angle and at 15.0 to 60.0 °C with a step of 0.5 °C and temperature equilibration for
2.0 min per step. The measurement was repeated 3 times at each step. All samples were filtered
using 0.45 pm PVDF filters before the measurements. The data were evaluated using the
Zetasizer software (Nano, version 7.10, Malvern, UK), JMalgen (v.2.0, Institute of
Macromolecular Chemistry, Prague, Czech Republic), Genr (v.11, Institute of Macromolecular
Chemistry, Prague, Czech Republic)'® and MatLab (v.9.9.0.1467703, R2020b, The
MathWorks, Inc., Natick, MA, USA). We present the DLS results as intensity-based size
distributions because they entail smaller calculation errors than volume or number-based size
distributions. However, larger particles scatter at a significantly higher intensity than smaller

particles. Consequently, the results are biased towards the largest species in solution.*

3.2.6. Isothermal titration calorimetry

The solutions of polymers (F3, I3, E3 or P3; each 10 mg/mL, 201 pL) in ultrapure water
were titrated with PBS or FBS using ITC 200 titration calorimeter (Malvern Panalytical,
Malvern, UK). In each run, 40 uL of PBS or FBS were added in consecutive injections (the
first injection was always 0.1 pL; then with increment 0.5 or 1.0 pL). All samples were stirred
at 1000 rpm and titrated at three temperatures: (i) below Tcp, 293 K for all polymers in all
media; (i1) below Tcp in ultrapure water, but above Tcp in PBS or FBS, 301 K (E3 and F3),
303 K (I3) and 323 K (P3); and (iii) above 7cp in all media, 313 K (E3 and 13), 323 K (F3) and
333 K (P3). Subsequently, PBS and FBS were titrated to ultrapure water at all experimental
temperatures to determine their heat of dilution (as blanks samples). Additionally, PBS and
FBS were titrated (10x1 pL injections) to the solution of benzoic acid (0.25 mM =
concentrations of polymers) at 293, 313 and 333 K to estimate the thermal contribution of the

neutralization reaction of terminal carboxylic group (see Figure S41 in ESI for details).
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The isotherms of complex shape were fitted with two independent binding sites model (using
Wiseman model®), the ionic strength of PBS (162.7 mM) was accepted as a titrant
concentration for both PBS and FBS. From the fit the reaction enthalpy change AH for the first
binding site (kJ/mol of polymer) was extracted and normalized to concentration of monomeric
units. Other fitting parameters (stoichiometry n and association constant K, M) were not used

in the discussion (see ESI, Figures S37 to S40 for details).

3.2.7. Data processing

All data were processed in Microsoft Office 365 Pro Plus 16.0 (Microsoft, Redmond, WA,
USA) and OriginPro 8.6.0 (OriginLab Corporation, Northampton, MA, USA) unless stated
otherwise. The schemes and structures were drawn in ChemDraw Professional 16.0.1.4 (77)
(Perkin Elmer Informatics, Inc., Waltham, MA, USA). The graphics were processed in Adobe
[lustrator CS6 16.0.0 (Adobe Systems Inc., San Jose, CA, USA).

3.3. Synthesis, purification, and characterization

3.3.1. Synthesis, purification, and characterization of monomers
The (N-acryloyl)pyrrolidine and N-(2,2-difluoroethyl)acrylamide were synthesized from

acryloyl chloride and the corresponding amines (Figure 9) using a modified procedure inspired

by literature;>!?*

the remaining monomers were purchased.

Pyrrolidine (18.7 mL, 16.2 g, 228 mmol) or 2,2-difluoroethylamine (14.0 mL, 16.8 g,
207 mmol), respectively, were mixed with triethylamine (34.0 mL, 24.8 g, 245 mmol),
dissolved in dry tetrahydrofuran (THF, 250 mL), and cooled down to 0 °C on a water/ice bath.
Acryloyl chloride (freshly distilled at atmospheric pressure, 20.0 mL, 22.4 g, 247 mmol) was
dissolved in dry THF (40 mL), and this solution was added dropwise to the amine solution
under constant stirring until cooling to 0 °C. After this step, the reaction mixture was stirred at
room temperature for 7 hours and subsequently diluted with diethyl ether (500 mL) and filtered.
The filtrate was washed with an aqueous NaHCOs solution, water, and saline using a separatory
funnel. The organic phases were dried with MgSQs, the solvent was removed using a rotary
evaporator, and the product was purified by flash chromatography in multiple batches (mobile

phase: ethyl acetate/hexane 1:2). The yields were 20.2 g (71%) for (N-acryloyl)pyrrolidine and
20.4 g (73%) for N-(2,2-difluoroethyl)acrylamide.
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yield 71%

H 0} Cl

N &+ j/ TEA, 1.1 eq- Oj/
; ; Z THF, RT, 7h
1.0 eq. 1.1 eq. Z

CF,H O Cl H
J i j/ TEA 12eq.  Oxy N~ _-CFH
T

H,N = THF, RT, 7 h
1.0 eq. 1.2eq. 2 yield 73%

Figure 9. Synthesis of (N-acryloyl)pyrrolidine and N-(2,2-difluoroethyl)acrylamide from

acryloyl chloride and the corresponding amines.

N-acryloylpyrrolidine: '"H (MeOH-4d): 6.62 (dd,J = 16.8, 10.4 Hz, 1H), 6.27 (dd, J = 16.8,
2.0 Hz, 1H), 5.74 (dd, J=10.4, 2.0 Hz, 1H), 3.62 (t, J = 6.8 Hz, 1H), 3.50 (t, /= 6.9 Hz, 1H),
2.07-1.85 (m, 4H). *C: 165.1, 128.7, 126.6, 46.5, 45.7, 25.6, 23.8 ppm. (Figure S1 to S3)

N-(2,2-difluoroethyl)acrylamide: 'H (DMSO-6d): 8.48 (t, J = 4.9 Hz, 1H), 6.28 (dd, J =
17.1, 10.1 Hz, 1H), 6.14 (dd, J=17.1, 2.2 Hz, 1H), 6.04 (tt, J = 55.8, 3.8 Hz, 1H), 5.65 (dd, J
=10.1, 2.2 Hz, 1H), 3.57 ppm (tdd, J = 16.1, 6.0, 3.9 Hz, 2H). *C: 165.66, 131.40, 126.67,
114.95 (t,J=239.7 Hz), 41.29 ppm (t, J = 25.6 Hz). "°F: —121.79 ppm (dt, J = 55.9, 16.1 Hz).
(Figure S4 to S7)

3.3.2. Synthesis, purification, and characterization of polymers
Poly[N-(2,2-difluoroethyl)acrylamide] (pDFEA), poly(N-isopropylacrylamide)

(pNIPAM), poly(N-diethylacrylamide) (pDEA) and poly(N-acryloylpyrrolidine) ( ) were
prepared by reversible addition—fragmentation chain-transfer polymerization (RAFT)!** with
4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid as the RAFT polymerization
chain transfer agent (CTA)’® and 4,4'-azobis(4-cyanovaleric acid) (ACVA) as the initiator
(Figure 10).'%*

The polymerization mixture consisted of a specific monomer (1.50 to 2.00 g), CTA and
ACVA in various molar ratios and dried DMF (Table 1). The mixture was bubbled with argon
in an oven-dried Schlenk flask, heated to 70 °C in an oil bath and stirred with a magnetic stirring
bar overnight. Subsequently, the product was precipitated in diethyl ether, filtered, and the
polymer was re-dissolved in methanol and purified using a Sephadex™ LH-20 column and
methanol as the eluent. The polymer-containing fractions were evaporated in a rotatory
evaporator under reduced pressure, and the polymer was re-dissolved in water and isolated by

freeze-drying.
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Table 1. Volumes/ mass/ molar amount of solvent (Vpmr), monomers (#mon, #mon), charge

transfer agent (mcta, ncra) and initiator (mini, 7ini) used in polymer synthesis

Polymer/code VDMF Mimon  Mmon  MCTA HCTA  Mini Hini
(mL) (g) (mmol) (mg) (umol) (mg) (wmol)

F1 21.2 525 441 158

pDFEA  F2 4.00 1.50 11.1 14.1 350 294 105
F3 8.5 21.0 1.77 6.3

11 56.5 140 11.8  42.0

pNIPAM 12 6.00 2.00 17.7 28.3 70.0 5.89 21.0
I3 18.8 467 392 140

E1l 28.3 70.0 5.89 21.0

pDEA E2 6.00 2.00 15.7 14.1 35,0 294 105
E3 11.3 28.0 2.35 8.4

P1 42.4 105 8.82 31.5

P2 400 1.50 12.0 21.2 525 441 158

P3 14.1 350 294 105

After polymerization, the CTA group was removed by aminolysis using propylamine
(PrNH>), followed by nucleophilic addition of methyl acrylate to the thiol end-group in dry
DMF under an argon atmosphere, as previously reported (Figure 10).! Polymer-CTA,
propylamine, and tris(2-carboxyethyl)phosphine hydrochloride (to prevent the oxidation of
thiols to disulphides'?) were dissolved in DMF (5.00 mL). The reaction mixture was stirred for
120 min at room temperature under a nitrogen atmosphere. Methyl acrylate was added to the
reaction mixture and stirred at room temperature for 24 hours. The polymers were purified
using the procedure mentioned above. Yields are summarised in Table 5, amounts of reactant
are summarized in Tables 1 and 2.

pDFEA: 'H (MeOH-4d): 8.00 (1H), 5.95 (t, J=56.1, 1H), 3.58 (t, J = 14.4 Hz, 2H), 2.18
(1H), 1.67 ppm (2H); 1*C: 176.2, 114.2 (J=239.5 Hz), 41.8 (t, J = 28.1 Hz), 35.1 ppm; '°F: —
123.8 ppm (2F). (Figure S8 to S11)

pNIPAM: 'H (MeOH-4d): 7.63 (1H), 3.98 (1H), 2.11 (1H), 1.60 (2H), 1.17 ppm (6H); 13C:
174.8,42.9, 41.1-41.9, 35.0, 21.4 ppm. (Figure S12 to S14)

pDEA: 'H (MeOH-4d): 3.52-3.36 (4H), 2.65 (1H), 1.74-1.81 (2H), 1.13 ppm (6H); *C:
174.2, 40.2-41.8, 36.6, 36.1, 12.0-13.8 ppm. (Figure S15 to S17)

: 'H (MeOH-4d): 3.1-3.8 (4H), 2.3-2.7 (1H), 1.96 (4H), 1.68 ppm (2H); *C: 173.7,
45.9-46.5, 39.0, 35.0, 24.0-25.7 ppm. (Figure S18 to S20)
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Table 2. Mass and molar amount of polymers (mpol, npot), propylamine (Vpa, npa), tris(2-

carboxyethyl)phosphine hydrochloride (mrcep, ntcep), and methyl acrylate (Vma, nva)

Mpol  Mpol npa Vea nrcer mrcer nma  Pma
Polymer/code

(9) (umol) (mmol) (uL) (umol) (mg) (mmol) (mL)

F1 38.2 191 812 382 11.0 6.69 550

pDFEA F2 1.00 27.6 1.38 58.7 27.6 7.9 483 400

F3 20.2 1.01 429 20.2 5.8 3.54 290

I1 49.5 248 1052 495 141 8.66 710

pNIPAM 12 1.00 31.6 1.58 67.2 31.6 9.1 5.53 450

I3 20.6 1.03 438 20.6 5.9 3.61 290

E1l 44.8 224 952 448 128 7.84 640

pDEA E2 1.00 28.8 1.44 612 288 8.3 5.04 410

E3 24.2 1.21 514 242 6.9 424 350

P1 51.0 2.55 1084 51.0 146 893 730

P2 1.00 278 1.39 59.1 27.8 8.0 487 400

P3 19.5 098 414 195 5.6 341 280

3.3.3. Polymer modifications (labelling with fluorescent dye)

We dissolved the polymers (100 mg each) in dry toluene (15 mL, 0.1-1.5 mL of acetone was
added if needed) and evaporated the solvent using rotatory evaporator. This process was
repeated five times, afterwards the polymers were maintained in vacuum (p < 10 mBar) at room
temperature for 3 days to remove trace solvents. Subsequently, these polymers were traced with
fluorescent dye (Cy7-amine, Figure 16) under various reaction conditions (Table 3) dry DMF
under an argon atmosphere. The reaction was performed in a 2 mL reaction vessel for 14 hours
at room temperature. Afterwards, DMF was evaporated using rotatory evaporator; the polymer
was dissolved in methanol (0.5-1.2mL) and purified by gel separation a using flash
chromatography (puriFlash®, Interchim, Montlugon, France) with Sephadex™ LH-20 column
using methanol as the eluent. The polymer-containing fractions were evaporated using rotatory
evaporator; the polymer was dissolved in water the water was removed by freeze-drying
(=—190 °C, = 16.5 Pa, 20 hours). The temperature of the sample never exceeded 40 °C during
the reaction, processing, or storage. The labelled polymers were stored in dark at —20 °C until

their use.
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Table 3. Masses and volumes of reactants in labelling of polymers with Cy-7 amine dye. The

polymers (mpo1, 11pol) Were dissolved in (Vpwmr).

Mipol Rpol Vomr  micyr Rcy7 Mmpygop MNpyBOP MIDIPEA  HDIPEA
Polymer
(mg) (umol) (pL) (mg) (umol) (mg) (umol) (ng)  (nmol)
F1 200 1.02 500 0.89 1.24 6.47 12.4 268 2.07
pDFEA
F2 200 0.65 500 0.62 0.85 4.46 8.57 184 1.42
Im 200 083 500 1.10 1.53 7.97 15.3 330 2.55
pNIPAM
12 20.0 057 500 0.70 0.97 5.08 9.76 210 1.62
E1 200 095 500 1.02 142 7.38 14.2 306 2.37
pDEA

E2 20.0 063 500 0.68 094 4091 9.44 204 1.58
P1 200 1.14 500 1.23 1.70 887 17.0 367 2.84

P2 200 0.61 500 0.66 091 475  9.13 197 1.57

3.3.4. Determination of dye concentration and polymer purity

The polymers were dissolved in a mixture of sodium acetate buffer (0.3 M, pH 6.5) and
methanol (80:20 v/v; cpot = 1.0 mg/mL). The mixture was stored at room temperature in dark
and its composition was analysed within 1 hour, 50 hours and 200 hours after the preparation.
The polymer purity was studied using SEC. The resulting spectra can be seen in Figure S68.

The dn/dc for the given mobile phase and polymers was 0.110 (pDFEA), 0.1540
(pNIPAM), 0.2015 (pDEA), and 0.1646 ( ).

The polymer dye (Cy7-amine) concentration was determined via spectrophotometry
(Sunrise microplate reader; Tecan Group Ltd., Switzerland) with an external calibration

(Figure S67 and S68) and the molar extinction coefficient of Cy7-amine was determined.

3.4. In vitro biological experiments

The cells (human fibroblasts, HF, and rat mesenchymal stem cells, rMSC) were cultivated
in Dulbecco modified Eagle medium (DMEM) at 37 °C in 5% CO», with the phenol red
indicator and supplemented with a heat inactivated 10% foetal bovine serum (FBS), penicillin
and streptomycin. The adhered cells were incubated overnight in 25 cm?® flask at 37°C in 5%
CO; atmosphere before treatment.

The cells (HF or tMSC, respectively) were seeded in a 96-well plate (TPP, biotech) in the
density 7-10° cells per well. Subsequently, thermosensitive polymers Fz, I>, E2, or P> were

dissolved in PBS at concentration from 0 to 100 ug/ml at room temperature and the solutions
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were added to the cells. Afterwards, the cells were incubated for additional 72 hours, and the
cell viability was assessed using resazurin assay (PrestoBlue™, ThermoFisher) according to
manufacturer’s instructions. Untreated cells (no added polymer; only pure PBS) were used as
negative control; cells treated with 4 mM H>0O- in PBS were used as a positive control. The
results were expressed as the viability percentage relative to negative control; the results were
processed in GraphPad Prism5 software (GraphPad software, San Diego, CA, USA) using one-
way analysis of variance (ANOV A) with the levels of significance p < 0.05.

3.5. In vivo biological experiments

The experiments described in this study were performed in the accordance with
Act No. 359/2012 Sb. on the Protection of Animals Against Cruelty and Precepts 419/2012 Sb.
and 299/2014 Sb. Ministry of Agriculture on the Protection of Experimental Animals (including
relevant EU regulations as of 2020/2021). All mice experiments were conducted by authorized

and experienced personnel according to the recommended laboratory practise guidelines.

3.5.1. General preparation

We performed all in vivo experiments using BALB/c strain female mice (6 weeks old,
purchased from AnLab s.r.o, Prague, Czech Republic). The mice were housed according to the
approved guidelines (in individually ventilated cages with the sterilised bedding and cellulose
sheets, 12:12 hours light-dark cycle at 22 = 1 °C and 60 + 5% humidity), their feed Altromin
1324 Velaz (maintenance diet) and water (purified by Smart N-II, Heal Force Bio-meditech
Holdings Limited, Shanghai, China) were provided ad libitum. The BALB/c mice (n = 42) were
let to acclimatize for 5 to 7 days. Subsequently, they were randomly divided into 10 groups: Fi
n=3),F2(n=3),Ii(n=3),L(n=3),E1(n=3),E2(n=23), P1 (n=13), P> (n=3), Cy7 group
(n=13), DMSO group (n = 6), saline group (n = 3) and null group/ex vivo group (n = 6).

The mice were maintained in proper cages; one or two groups per cage; 3 to 6 mice per cage
(Iz+ F2, P2+ E1, E2 + I, F1 + Py, Cy7, saline group, DMSO group, null group). The mice
in each group were marked by one to six bands on their tails with a black permanent marker
(OHP marker permanent, alcohol based, waterproof; Centropen, Dacice, Czech Republic) and
by ear punch patterns (long term mark).

Subsequently, the mice fur on their back, abdomen and left hind leg was shaved before every
imaging experiment (except for day 2 to 4). Firstly, the fur was trimmed using Aesculap®
Exacta GT415 (Braun, Kronberg, Germany). Afterwards, the mice were anaesthetized using

isoflurane (AErrane® 100%; Baxter Healthcare, Deerfield, USA; 3.0to3.5% initial
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concentration; 1.0 to 2.0% maintenance concentration, 2.0 L/min air flow) using continuous
flow Isoflurane Tec 3 vaporiser (ASA Ltd., Keighley, UK). Their residual fur was removed on
the left hind leg and surrounding areas using Veet Silk Fresh™ (thiglycolic acid-containing
depilatory cream; Reckitt, Slough, UK) in isoflurane anaesthesia. The excessive depilatory
cream was removed after 5-10 min and the mice skin was thoroughly washed with worm tap

water and dried by paper towels.

3.5.2. Mice weight measurements

The mice weights were measured on day 1, 2, 3, 4, 7, 11, 15, 18, 28, 57, 85, and 247. The
confidence interval (CI) for values 90%, 95%, and 99% (Clyg, Clgs, and Clyg) were calculated
with Equation 8.

Cl, = %+ 2,5D (8)

where X is the mean value; z is confidence level value (zgg = 1.645, zg5 = 1.96, z99 = 2.576),

and SD is the standard deviation.

3.5.3. Ultrasound-photoacoustic imaging setup

Multimodal ultrasound-photoacoustic imaging (US-PAI) was performed using
Vevo 3100/LAZR-X (ultrasound/photoacoustic) multimodal imaging platform (FUJIFILM
VisualSonics, Inc., Toronto, Canada). We used a high-frequency ultrasound Mx400 transducer
(30 MHz center frequency, 256 elements linear array, 50 pum axial and 110 um lateral
resolution, FUJIFILM VisualSonics, Inc., Toronto, Canada) equipped with an original jacket
for inserting the green narrow optical fibre bundle (14 mm) optical cable
(FUJIFILM VisualSonics, Inc., Toronto, Canada) to record the US-PAI of hind limbs in B-
Mode and Multiwavelength Mode using Mouse Large Abdominal pre-set. The Time Gain
Compensation (TGC) settings was used to see deep within hindlimb tissues by increasing the
PAI gain of each pattern (10-55-65-72-75 dB), beginning 9 mm from the upper distance of the
transducer surface and proceeding to the bottom hind limb layer at 18 mm (US-PAI field of
view 9 to 18 mm).

The mice were anaesthetized with isoflurane (AErrane® 100%; Baxter Healthcare,
Deerfield, USA, 3.0% initial concentration; 1.5 to 2.0% maintenance concentration; 1.2 L/min
air flow) and fixed in the prone position. Then, their left hind limb (supported with the cellulose
square) was positioned to 10 mm from the transducer surface. The space between transducer

surface and hind limb skin line was filled by a bubble-free clear transparent ultrasound gel
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(OXD, Barcelona, Spain). The feet of the mice were covered in SignaGel Electrode Gel (Parker
Laboratories, Inc., Fairfield, USA) to provide a conductive contact with electrodes for ECG
monitoring with a build-in ECG monitor, furthermore, their breathing function was monitored
with a build-in breathing monitor. All 3D ultrasound records were acquired using a 100 pm
step size on a motorized VevoRail system (FUJIFILM VisualSonics, Inc., Toronto, Canada).
The spectra were measured at 680, 695, 788, 924, and 970 nm (multiwavelength mode), which
enabled to distinguish between deoxyhaemoglobin, oxyhaemoglobin and Cy7 dye (or a labelled
polymer).

The US-PAI data acquired during the injections and subsequent scans at time were
postprocessed using Vevo LAB V.3.2.5. software (FUJIFILM VisualSonics, Inc., Toronto,
Canada). The hindlimb volumes were determined by volumetric analysis in software Vevo

LAB.

3.5.4. Polymer administration

The mice were scanned using US-PAI before the administration of solution, during and after
the administration of the solution. The mice from groups F1, F2, I1, 12, E1, E2, P1, and
were injected with the corresponding polymer in DMSO (cpot = 0.10 mg/uL, 5.00 uL). The
DMSO group and saline group (control groups) were injected with pure DMSO (European
Pharmacopoeia reference standard; 5.00 uL) or saline (Fresenius Kabi 0,9 %, Fresenius Kabi
s.r.0., Praha, Czech Republic; 5.00 uL). Lastly, Cy7 group (control group) was injected with
5.00 uL of Cy7-amine hydrochloride solution (1.10 mg was dissolved in 1.000 mL of DMSO
and used for Cy7 control group).

These solutions were administered intramuscularly using Vevo Infusion Pump (volume
5.00 = 0.05 pL; injection speed 1.6 uL/s; FUJIFILM VisualSonics, Inc., Toronto, Canada)
using a 0.5 mL insulin syringe (Insulin U100; 0.5 mL; 29G x 1/2", Chirana T. Injecta,
Stard Tura, Slovak Republic) while under general anaesthesia. During the administration, mice
ECG and breathing were monitored using Vevo 3100/LAZR-X. After the administration, mice
were cleaned using cellulose tissues, placed on a plate heater with adjusted temperature
(37.7 °C) until the mice regained awareness. Subsequently, they were either placed back into
their cages, or they were immediately used in Xtreme measurement (see chapter 3.5.5).

The last ex vivo biodistribution group served as a control group without any treatment for first
9 days of the experiment (null group) — no solution was administered; no measuring procedures
were performed (except weight measurements and behaviour observations). Their fur was

shaved at the beginning, but not depilated during the first phase. The purpose of this group was
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to determine the short-term effect of the intramuscular administration and related procedures
on the well-being of the mice. After 9 days (when this group was no longer needed), these mice

were used for a different experiment (see chapter 3.6.)

3.5.5. Long-term biodistribution monitoring

The fluorescence signal was monitored using Xtreme In Vivo Imaging System (Bruker
Biospin, Ettlingen, Germany) with excitation filter 750 nm and the emission filter 830 nm at
predetermined timepoints (1-, 5-, 24-, 48-, and 72-hours past administration and then on day 7,
15,29, 57, 70, 85, 120, 150, 180, and 245). Before measuring abdomen, both sides of the body
and right leg of mice were shaved with electric trimmer and hair removal cream (see chapter
3.5.1. General preparation). The mice were anaesthetized with isoflurane (3.0% initial,
1.5 to 2.0% maintenance concentration) and subsequently the images were acquired (in at least
two independent imaging experiments at the given timepoints), the pixel binning was adjusted

according to the need.

3.6. Histopathological examination and ex vivo experiments

3.6.1. Histological examination
At the end of the long-term experiment (day 202 past administration), one mouse from each

group has been sacrificed via cervical dislocation (in mild isoflurane anaesthesia). Their organs
were visually inspected for abnormalities and samples of their liver, kidneys, hearts, injected
thigh muscle and contralateral thigh muscle were collected within minutes after the sacrifice.
They were fixed using 4% formaldehyde solution and stored in dark in a refrigerator (4 °C)
until processed further.

The samples were washed in PBS and a routine histological examination was performed.
Samples were embedding in paraffin and sectioned for 4 or 7 pm histological sections using
Leica microtome. Sections were stained using haematoxylin and eosin; representative sections
were also stained using Van Gieson Trichrome. The staining was performed according to
distributors guidelines (for staining details see Table S25 and S26); Canada balsam was used

for slide mounting.

44



3.6.2. Ex vivo experiments
Lastly, the mice (originally in null group) were shaved and depilated (identical procedure to

the rest of the animals). Subsequently, they were administered with P2 (cpo = 0.10 mg/uL) or
DMSO solutions (5.00 uL). After 6 days, the mice were sacrificed (isoflurane and cervical
dislocation) and samples of their muscles (the site of administration) were extracted. The tissues
were immediately sliced using Mclllwain Tissue Chopper (Stoelting Co., Wood Dale, IL, USA)
into 200 um wide slices, placed into cavity well microscope slides, submerged in corn oil and
a coverslip was mounted on top. Immediately afterwards, the samples were visualized using a

confocal microscopy.

3.7. Biodistribution data processing
The images from long term imaging (Xtreme imaging, see chapter 3.5.5) were processed
and the following parameters were observed:
1) Total signal in the field of view of the corresponding mice/ organ (sum of all pixels). This
value was regarded as total signal of mice (/r)
2) Number of pixels with values above predetermined threshold. This value was regarded as
size of depot in mice (Sr)
The data from long-term biodistribution monitoring were linearized (expressed as natural
logarithm of Ir or Sr). The data corresponding to Phase 2 (see chapter 4.5.1) were fitted with
linear functions in OriginPro 8.6.0 (OriginLab Corporation, Northampton, MA, USA). The

biological half-lives (¢, ;) were calculated with Equation 9:

In2
ly2 = T €))

The results can be seen in Table S24, Figures S70 to S87.
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4. Results and Discussion
4.1. Polymer selection

The polymers were selected for this study because they are non-ionic homopolymers of
acrylamide N-derivatives with one or two alkyl moieties, and their aqueous solutions display
LCST thermoresponsiveness with various 7cps at similar polymer concentrations (pAP >
pNIPAM = pDEA > pDFEA; Figure 10).%'*” While pAP, pNIPAM, pDEA have been
studied extensively,®*® pDFEA is a relatively new and atypical thermoresponsive acrylamide
with fluorine atoms.'?” As polyacrylamides, all four polymers act as hydrogen bond acceptors,
but both pDFEA and pNIPAM can also act as hydrogen bond donors because they contain
amide moieties. In addition, pDFEA contains -CF2H moieties, i.e., lipophilic hydrogen
donors'?® (see Scheme S2 and Chapter S8.2.). All these polymers are non-toxic and
biocompatible as well. Accordingly, their different properties (e.g., hydrophilicity or 7cp) may
be used to tailor the final materials for biomedical applications.®!?” Nevertheless, we avoided
comparing copolymers because their 7cp depends on the content of their individual monomers

and on their architecture, thus adding other unknown variables to the equation.'?’

pDFEA  pNIPAM  pDEA pAP

\ VRN VAN AN /

~

Figure 10. Structures of the study polymers: poly[(N-2,2-difluoroethyl)acrylamide] (pDFEA),
poly[(N-isopropyl)acrylamide] (pNIPAM), poly[(N,N-diethyl)acrylamide] (pDEA), and
poly[(N-acryloyl)pyrrolidine] (pAP).

We targeted polymers with properties suitable for biomedical applications. For this reason,
pDFEA, pNIPAM, pDEA, and pAP had a narrow molecular weight distribution (Pm < 1.11)
and molar masses in three different ranges (= 20 to 25 kg/mol, = 30 to 35 kg/mol and = 40 to 50

t71.130.131 50 that they would

kg/mol) but all molar masses are lower than the renal excretion limi
not accumulate in the body.!*° The end groups of these polymers contained a methyl ester (from
methyl acrylate) on one end and a carboxyl group (initiator residue) on the other, which can be

conveniently used to introduce tracers, dyes, and other moieties.

46



4.2. Polymer synthesis, modifications, and characterization

We prepared these four polymers via controlled reversible addition-fragmentation chain-
transfer ~ (RAFT)  radical  polymerization'”®  (Figure 11)  using  4-cyano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyl|pentanoic acid as the CTA and 4,4'-azobis(4-
cyanovaleric acid) (ACVA) as the initiator (see Table 1 for the initial quantities of the
reagents). After the polymerization, the polymers ending with CTA were mixed with

)125

propylamine (aminolysis of the terminal CTA) “ and then with an excess of methyl acrylate

(to mask the reactive thiol moiety by Michael addition),'?®

as shown in Figure 11 and Table 2.
Lastly, we purified and characterized these polymers by SEC and NMR spectroscopy to
determine their purity and to confirm CTA removal (see chapter S8.3.). The properties of these

polymers are outlined in Table 4.
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Figure 11. Polymer synthesis and subsequent modifications

Table 4. Polymer characteristics after removal of CTA

Polymer My M Yield" dn/dc*
(kg/mol) (kg/mol) (%) (mL/g)
F1 26.2 242 1.08 68.3 0.088+0.003
pDFEA  F2 36.2 35.1 1.03  79.7  0.092 £ 0.005
F3 49.6 46.9 1.06  79.5 0.095+0.004
I 20.2 19.6 1.03 50.6 0.167+0.018
pNIPAM 12 31.6 30.8 1.03 58.1 0.151+0.012
I3 48.4 45.2 1.07 55.6 0.143+£0.013
E1l 223 21.2 1.06 60.5 0.171 +0.004
pDEA E2 34.7 31.7 1.09 613 0.176 £0.011
E3 41.3 37.5 1.10 57,5 0.145+0.010
P1 19.6 17.6 .11 86.0 0.192+0.007
pAP P2 36.0 32.9 1.09 77.7 0.180+0.015

P3 51.2 46.3 .11 79.1  0.164 +0.007
“Determined by SEC; °polymerization yield after the purification procedure based on monomer
weight; ‘determined by differential refractometry in PBS at 29 °C and 620 nm in PBS
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4.3. The effect of PBS and FBS on the Tcp

The Tcps of our thermoresponsive polymers are either known (for pNIP AV 16-20:26.27:45.46
and pAP?) or expected (for pDFEA and pDEA) to be lower in physiologically relevant
solutions (FBS and PBS) than in pure water because these buffered solutions have a higher pH
and ion concentration (as discussed in the introduction). However, these polymers also have
terminal carboxylic moieties (pK. = 4.8), and while they are almost exclusively dissociated at
neutral pH, unbuffered water dissolves atmospheric carbon dioxide,* lowering the pH to values
near the pK, of these carboxylic acid (Table S7). As a result, the carboxylic groups will no

15,35

longer be fully deprotonated, decreasing the hydrophilicity'>** and Tcp of these polymers.*> In

contrast, both PBS and FBS (140 mM; pH = 7.4) reliably maintain the pH and osmotic pressure
at physiological values.!?%!32

Considering these differences, we have compared the effect of different solvents (water,
Dulbecco’s PBS!'*2 and FBS) on Tcp (c=10.0 mg/mL; Figure 12). In line with previous
studies, most Tcp values of our polymers were higher in pure water than in PBS!6-20:23:26.27:45
and FBS!®% because the ions and proteins of buffered solutions lower the Tcp of these
polymers. Since differences in 7cps between solvents may be significant for many applications,

polymers should be tested in an environment as similar as possible to that of the intended

application.
B uitrapure Water [l Phosphate Buffer Saline (PBS) [l Fetal Bovine Serum (FBS)
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Figure 12. (A) Comparison of 6 turbidimetric measurements of 12 (pNIPAM) in water, PBS
and FBS (¢ = 10.0 mg/mL); (B) Tcp of all polymers in water, PBS and FBS (¢ = 10.0 mg/mL)

expressed as a mean of 6 measurements + standard deviation. The results indicate a shift in 7cp.

4.4. Determination of 7cr by DLS
As shown in Figure 12 B, the 7cp of pDFEA with the highest molar mass (F3) was much

higher in PBS than in water. To understand the unexpected 7cp of this polymer, as measured
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by turbidimetry, we assessed polymer aggregation as a function of temperature (10 to 50 °C)
by DLS, in PBS, at a concentration of 10.0 mg/mL (Figure S42 to S53). Unlike most samples,
pDFEA polymers showed two major changes in population size with the increase in
temperature (Figure S42 to S44). The first change (at 26 to 30 °C) can be ascribed to unimer
aggregation (radius 20 to 100 nm), and the second (from 40 to 50 °C) to aggregate coalescence
into even larger polymer assemblies (radius 1000 nm or larger). Thus, turbidimetry detects the
first thermal change in most samples, but only the second in F3.

Long pDFEA (co)polymers, such as F3, may form non-typical nanogel-like aggregates with
low polymer concentrations, as shown in our previous studies.®'®* In these particles, the
aggregation causes only a minor local increase in polymer concentration. When combined with
the low dn/dc of the solute (Table 4), this increase in polymer concentration accounts for the
small difference in refractive indices between the phase-separated polymer and the bulk
solution, which may prevent an accurate determination of 7cp by turbidimetry.** Upon further
heating, these nanogel-like particles aggregate/ coalesce, increasing the turbidity. Therefore,
discrepancies in turbidimetric measurements may be explained by differences in the

architecture of polymer aggregates and by the low dn/dc of pDFEA.

4.5. The effect of PBS and FBS on 7cp as a function of polymer concentration

Proteins (in FBS) can affect the Tcp of polymers indirectly (‘non-specifically’, i.e., by
competing with polymers for its solvation as well as by excluded volume/crowding effect!”-*")
or directly (‘specifically’, i.e., by forming complexes with the polymers'’2%).!” In turn,
inorganic salts (in PBS and FBS) can also indirectly interfere with polymers by interacting with
and destabilizing their solvation shell, thus decreasing their solubility and 7cp (Hoffmeister
effect), regardless of the polymer concentration.!®? Unlike inorganic salts, however, proteins

affect Tcp as a function of polymer concentration, as shown by our results (Figure 13).
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Figure 13. Plot of Tcps of the polymers pDFEA (top-left), pAP (top-right), pNIPAM (bottom-
left) and pDEA (bottom-right) in FBS and PBS as a function of polymer concentrations. All
Tcps are expressed as the mean of 6 measurement cycles + standard deviation. Asterisks (*)

indicate potential outliers.

At low polymer concentrations, polymers form soluble protein-polymer complexes (protein
binding) in FBS, which prevent them from aggregating, thereby increasing their 7cp above that
of PBS solutions, as observed in pDEA and pNIPAM (at both low and high pAP
concentrations). Because the polymer-binding capacity of proteins is limited (albeit very high
for pAP), this effect is only detected at low polymer concentrations and decreases with the
increase in polymer concentration (until being offset by ‘non-specific’ effects, which decrease
the 7cp).

At high polymer concentrations, in contrast, proteins predominantly have a ‘non-specific’
effect by competing with polymer chains for solvation with the polymer!®17-2324133 (similarly

to inorganic ions), thereby facilitating aggregation and lowering the 7cps. Proteins may also
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stabilize polymer aggregates via hydrophobic interactions, further lowering the 7cps. Under
such conditions, most polymers in FBS have the lowest Tcps of all three media tested in this
study (except for F3 in PBS, as discussed above).

For the purpose of this analysis (Figure 13), we disregarded the 7cp of the highest polymer
concentrations (20.0 and 40.0 mg/mL) because they differed considerably between independent
measurements (low reproducibility), not only in FBS but also in PBS. Nevertheless, the
complete dataset is provided in Tables S3 to S6. Furthermore, in the range used in this analysis
(1.25 to 10.0 mg/mL), except for a few outliers, all three molar masses of each polymer showed
similar 7cp trends, that is, 7cp decreased with the increase in polymer concentration, in line with

previous studies.®!72°

4.6. The effect of PBS and FBS on polymer aggregation
LCST polymer aggregation is an entropy-driven endothermic process®®** affected by

surrounding ions/ proteins. Adding ions/ proteins can induce conformational changes in the
polymer (aggregation) or affect its solvation shell, both of which can be detected as heat
effects.®13+136 A decrease in enthalpy after adding ions/ proteins indicates an enthalpic effect,
i.e., polymers interact with ions/ proteins (or new strong polymer-polymer interactions are
formed). Conversely, an increase in enthalpy after adding these ions/ proteins indicates an
entropic effect, i.e., the loss of specific interactions, thereby increasing the entropy, e.g., due to
the loss of the solvation shell.!*

Considering the above, we assessed the interaction enthalpy of pDFEA, pNIPAM, pDEA,
and with PBS and FBS by isothermal titration calorimetry (ITC), which revealed a
complex titration isotherm” (Figure 14B), with three phases: I, II and III (Figure 14A). In
phase I, the heat flux can be ascribed to the neutralization of the terminal carboxylic acid
because adding 3 to 5 uL of PBS (pH = 7.41) or FBS (pH = 7.46) to the solution of benzoic
acid had a similar effect on the heat flux (Figure S41). For this reason, the corresponding data
points were excluded from the titration isotherms. Subsequent adding of titrant induced exo- or
endothermic processes, which strongly depended on the titrant concentration (phase II on the
titration isotherms). After the critical concentration of titrant (Figure 14B), a non-zero heat

flux, weakly dependent on the titrant, was still detected (phase III). Based on these results, we

focused on the heat flux from phase II to analyse the solvent-polymer interactions.
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Figure 14. ITC — Titration of PBS to water (blank, red line) (A), titration of PBS to polymer
F3 (pDFEA, ¢ = 10.0 mg/mL in ultrapure water,black line) (A); integrated heat, normalised to
1 mol of F3 injectant (scatter), fit to model (line) (B). Enthalpies of the titration of polymer
solutions (¢ = 10.0 mg/mL) with PBS (C) and FBS (D), normalised to 1 mol of monomeric

units at three different temperatures. The values of enthalpies are outlined in Table SS.

In non-aggregated polymers (at low temperatures), adding PBS to the solution had a positive
enthalpic effect on pNIPAM, pAP and pDEA, as expected based on the Hoffmeister effect,
but surprisingly had a significantly negative enthalpic effect on pDFEA. On the one hand, PBS
decreases the solvation shell of all polymers (positive enthalpic effect). On the other hand, PBS
increases polymer-polymer bonds in the aggregates (negative enthalpic effect). Since PBS had
a net negative enthalpic effect on pDFEA, pDFEA must have strong intramolecular
interactions (possibly due to hydrogen bonding between CF,H moieties'®).

In aggregated polymers (at high temperatures), PBS had a negative enthalpic effect on
pDFEA, pDEA and pAP, indicating that this buffer promotes the formation of enthalpically
favourable polymer-polymer interactions. However, adding PBS to pNIPAM had a positive
enthalpic effect, suggesting further dehydration resulting from salting out. Overall, PBS
disrupts the solvation shell of thermoresponsive polymers, thereby promoting aggregation.

Adding FBS to both non-aggregated and aggregated polymers (at both low and high
temperatures) had a more negative enthalpic effect than adding PBS due to the additional strong

polymers-proteins interactions (Figure 14). The amphiphilic proteins in FBS may bind to

16,58 56,58

polymers and polymeric aggregates via hydrophobic interactions and thus stabilize
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them. In all polymers, adding FBS to polymer aggregates had a stronger negative enthalpic
effect than adding FBS to non-aggregating polymers, possibly because polymer aggregates are
more prone to interact with proteins through the hydrophobic interactions. Consequently, FBS

stabilizes thermoresponsive polymer aggregates more strongly than PBS.

4.7. In vitro biological study

To evaluate the safety of the polymers, we investigated the polymers’ cytotoxicity using
human fibroblast (HF) and rat mesenchymal stem cell (rMSC). The HF were selected as model
cells because they are common in muscles, and because they participate in extracellular matrix
synthesis. The rMSC were chosen as a highly sensitive model of normal healthy cell. The results
of in vitro cytotoxicity study are depicted in Figure 15. Within the tested polymer
concentrations, no polymer decreased the cellular viability below 70% (threshold for
cytotoxicity).”! Additionally, we observed no significant difference between the viabilities of
study groups (the cells treated with the polymers) and control group (untreated cells). Therefore,

127

in line with previous results, ~’ our polymers are non-cytotoxic.
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Figure 15. Viability of human fibroblast (HF; A) and rat mesenchymal stem cell (rtMSC, B) as
a function of polymers (F3, I3, E3, and P3) concentration. All cells were incubated for 72 hours

with study polymers; the cell viability was determined using resazurin assay.

4.8. Polymer conjugation with fluorescent dye

The polymers F1, F2, I1, 12, E1, E2, P1, and P2, were labelled with fluorescent dye (Cy7-
amine, see Figure 16). This dye is chemically and biologically stable fluorescent dyes with
high extinction coefficients. Cy7-amine (4ex = 756 nm; Aem = 779 nm) was selected as a label in

vivo biodistribution experiments because of its high excitation and emission wavelengths.
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Afterwards, we purified the polymers with two consequent preparatory SEC. Then, we
determined the polymer purity using SEC (the presence of unreacted fluorescent dye; Figure

S67 and S68) and the amount of polymer-bound dye spectrophotometrically (Table 5).
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Figure 16. The polymer modification/ polymer labelling with the fluorescent dye.
Lastly, we determined the in vitro chemical stability of the fluorescent label in GPC buffer.
Over the course of 200 hours, no significant increase of non-bound dye was observed, which

indicates that our polymers are suitable for pharmacokinetics observations.

Table 5. Molar amount of Cy7 (ncy7;) and ratio of ncy7/npoi were calculated from
spectrophotometry. The polymer purity was determined as a ratio of polymer peak and other

peaks integrals in SEC and HPLC.

purity ncy7

Polymer (%) (el s ncy7/npol
F1 _>995 245+09 059002
pDFEA
F2 >995 13.6+07 0.48+0.03
I >995 13407 026=001
pNIPAM
12 >995 118405 036003
El >995 3.1+04 006=001
pDEA
E2 >995 45+04 0.14+0.02
. Pl >995 143:07 025+001
p: P2 >995 86+0.6 027+0.02
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4.9. In vivo biological model

The BALB/c mice were randomly divided into 8 study groups: F1, F2, I1, 12, E1, E2, P1,

, and 4 control groups: Cy7, DMSO, saline group and null group. The mice from study
groups were injected with a solution of the corresponding Cy7-labelled polymer in DMSO into
the thigh of their hind left legs. Although all study polymers are water soluble and, therefore,
could be administered in their aqueous solutions, we decided to administer the polymers in their
DMSO solutions. By using the DMSO solutions, we prevented the polymers from aggregating
in the syringe/ needle during the administration (particularly in pDFEA), which would result
in uneven distribution of depot, hindering the determination of the polymer pharmacokinetics.
Cy7 group was injected with solution of Cy7-amine in DMSO to investigate the
pharmacokinetics of this dye (whether this dye would accumulate in the study tissues). Then,
DMSO and saline groups were injected with DMSO or saline, respectively; these groups
served as control groups to investigate the effect of intramuscular administration of solvent on
the tissues. Lastly, null group was not injected with any solution — we used these mice to
investigate the effect of intramuscular administration on the mice behaviour and feeding
patterns.

The mice were anaesthetized with isoflurane and their fur was trimmed and removed using
hair removal product to increase the sensitivity of photoacoustic imaging techniques. After the
administration, the polymer depot in the hind legs of was often scanned using fluorescence

imaging; the selected mice as a function of time were depicted in Figure 17.
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Figure 17. Images from fluorescence imaging. Fluorescence imaging signal was depicted in

grayscale (A, C) and as colour gradient, merged with white light image of the mice (C, D). The
mice were administered with the polymer 12 (A, B) or P2 (C, D).

4.10. Determination of polymers pharmacokinetics
The images from fluorescence imaging were processed and the following two quantities

were evaluated:

1) Total signal of polymer (Ir) in the field of view of the corresponding mice/ organ (sum of
all pixels). This quantity is proportional to the amount of the labelled polymer in the depot.

2) Size of depot in mice (Sr). This value was calculated from the number of pixels above a

specific threshold (identical for all images).

Both study parameters (Ir, and Sr) change as a function of time; the development may be
divided into 3 phases (Figure 19):

Phase 1 (depot maturation). This phase begins immediately after the polymer
administration and lasts approximately 3 days'® (up to 10 days in pDFEA). During this phase,
the polymer diffuses through the tissue, which results in the increase of Sr. Additionally, this
diffusion may increase the fluorescence signal (Ir): initially, the polymer is very concentrated,
therefore, a portion of signal is lost due to auto-absorption, however, this auto-absorption
decreases with more diluted depots. The signal reaches maximum at ¢, which was considered
as a start of the Phase 2. In our previous article, we have shown, that only a portion of polymer
13

becomes tissue-bound (and thus enters Phase 2), while the rest is eliminated into bloodstream.

As aresult, the polymer signal should decrease quickly during the first 2 days and then decrease
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slowly over several weeks (Phase 2).!>7° Nevertheless, we were unable to observe the initial
decrease of signal because this decrease of signal was less pronounced than the signal increase
caused by the depot redistribution.

Phase 2 (depot dissolution). This phase lasts for several weeks to months. During this
phase, both Ir and Sr decreased with time relatively slowly and follows the 1% order kinetics.
This phase may be ascribed to the dissolution tissue-bound polymers, as suggested in our
previous article.'?

Phase 3 (final phase). This phase begins several months after the administration but can be
clearly seen only in some polymers. During this phase, both Ir and Sr decrease very slowly (if
at all), and the decrease no longer follows the 1% order kinetics. In this phase, the major source

of signal is the autofluorescence of mice.
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Figure 18. The total depot signal as a function of time during Phase 1, 2, and 3.
Considering the above, we fitted the data in Phase 2 with monoexponential functions to
determine the pharmacokinetics of the study polymers (Table 6 and S6, Figure S70 to S87).
The biological half-lives varied from 15 days to 5 months across polymers: the shortest half-
lives were observed in pAP, the longest in pDFEA. The approximate ti,s of our polymers
corroborate those in previous studies.'>"° In line with our previous study, the order or t.,s of
study polymers (pAP < pDEA < pNIPAM <« pDFEA) inversely correlates with their 7cps
(pAP » pDEA = pNIPAM > pDFEA)."> However, noticeably, even though pDEA and
pNIPAM have similar Tcps, the biological half-lives of pNIPAM are much higher than those
of pDEA. This result suggests that the 7cp is not the only factor that influences the t., of the
polymer — the t:, may be influenced by protein binding (hydrogen bonds in pNIPAM and
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pDFEA may increase the t,). Interestingly, molar mass of the study polymers had only a minor
effect on the overall biological half-lives (t1, increases with molar mass). Our results show that
biological half-lives of polymers may be tuned by choice of thermoresponsive polymer, and as

shown in our previous articles,'? fine-tuned by choice and content of co-monomers.

Table 6. Calculated parameters of polymer release: time of maximum signal (t;,ax), biological
half-lives (t,), and fitting R?; all parameters were calculated both from signal and depot size

as a function of time. The results are depicted as mean + mid-range.

Total signal Depot area
Polymer e ty, tmax t.,
(d) (d) (d) (d)
F1 =~1.0 155+44 | 2+1 168 £ 85
PDFEA " gy | 241 145222 | 241 151443
I 2+1 52+12 | 21 98 +32
PNIPAM pp | 241 60411 |2+1 10311
E1 2+1 15+1 2+1 28+3
PDEA ™ gy | 2:1 2243 |21 35414
P1 2+1 16£5 2+1 27+5
P2 2+1 15+1 2+1 2616
Cy7 <0.5 5+£2 <0.5 9+3
In all polymer-treated mice (most pronounced in ) as well as Cy7-treated mice, we

temporarily observed polymer signal in mice kidneys and livers, even though no polymer was
administered directly into these organs (Figure 19). No signal can be detected immediately
after the administration; the signal peaks approximately 2 days past administration and slowly
diminishes in 2 to 3 weeks. This secondary accumulation of signal can be ascribed to an
accumulation of blood-carried polymer in these organs after the polymer administration.
Although we did not determine the fate of polymers on the cellular level, the polymer is most
likely uptaken by Kupffer cells (in liver) and mesangial cells (in kidney) with pronounced
phagocytosis ability.!*” The liver and kidneys of BALB/c mice are among the organs with the
highest perfusion rates: more than 40% of blood flows through the liver and around 15% flows
through the kidneys (Table 7).'*® Other organs with high blood flow and perfusion rates, e.g.
brain, lungs, and myocardium are probably too shielded by the surrounding tissues (e.g. brain),
too diffuse and the signal is hindered by noise (e.g. lungs), the depot is too small to be visualized

or does not contain enough polymer.
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Figure 19. Mice from , 48 hours past polymer administration, lying on their left side.
The upper-left depot can be ascribed to accumulation of polymer in their kidneys; the lower-

right depot corresponds to polymer accumulation in liver.

Table 7. Acute blood flow of major organs of the BALB/c mice, adapted from literature.!*8

Absolute Blood flow per  Relative

Organ blood flow kg of organ blood flow
(uL/min) (ml/kg/min) (% of total)
liver 945 + 242 95 +£20 49+ 19
kidneys 418 + 44 131+7 15+5
brain 387 + 51 93+£15 18£5
lungs 250+ 27 145+23 12+3
myocardium 137+7 106 + 6 6.7+14
spleen 46 + 8 47+8 22+0.7
thymus 23£25 81 +7 1.1+£0.3
mesenterial lymph node 23+£3 58+7 1.1£03
adrenal grands 15+3 306 + 59 0.7+0.3
ovaries 8+2.7 156 + 37 04+0.2
total 2252 + 390 N/A 100

Although the signal from the secondary depot in kidneys is slightly higher than that in liver,
the signal ratio cannot be directly translated into the ratio of deposited polymer, because liver
is situated in a greater depth than the kidneys in mice and therefore the signal from liver
experiences more shielding. Therefore, we estimate that the amount of polymer deposited into
the liver might be higher then in kidneys. However, the data is insufficient to further support
this hypothesis.

59



Based on these results and the results from previous studies,!®’%"!

we proposed a
physiological biodistribution model (Figure 20). After the administration, a portion of polymer
(characterized by factor A) binds to tissue and therefore eliminates relatively slowly (following
first order kinetics), while the non-tissue bound polymer is eliminated approximately 3 to 10
days. The blood-borne polymer can secondarily temporarily accumulate in both liver and

kidneys, from where it is eliminated into bile or urine.
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Figure 20. The proposed biodistribution model for thermoresponsive polymers. The kinetics is

KIDNEY DEPOT

characterized by A (fraction of administered polymer becomes tissue bound); kntp_B
(dissolution constant of the non-tissue bound polymer), ktg_p (dissolution constant of the
tissue bound (intracellular) depot), kyjy (dissolution constant of the liver depot), and kgip

(dissolution constant of the kidney depot).

4.11. Mice weights as an indicator of their health
We observed the weights of mice as a function of time, because some pathologies or

discomfort may lead to decrease (less commonly increase) of mice weights. The weights of the
testing groups (F1, F2, 11, 12, E1, E2, P1, and P2) were compared to the control groups (Cy7,
DMSO, saline, and null groups), see Figure 17 and S69. Although a few outlier points can be
seen (e.g. in P1, but these mice were slightly lighter from the beginning of the experiment), the
overall trend of all mice weights were similar and physiological. We observed no weight gain

retardation or even weight loss, indicating the fitness of study mice.
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Figure 21. Weights of the mice from all groups as a function of time

The null group (no compound was administered, but the remaining treatment was identical
to the that in other mice) was included in the study to investigate the effect of solution
administration. We observed no significant deviation of weights of this group from the rest of
the groups, indicating that the administration had only minor (if any) effect on the mice fitness.
Then, 11 days past the beginning of the experiment, the mice were used for ex vivo experiment

(4.5.3. Ex vivo polymer distribution) because this mice group was no longer needed.

4.12. Ex vivo biological study (histological examination)

At the end of the experiment (day 202 past administration), one mouse from each group was
sacrificed via cervical dislocation (in isoflurane anaesthesia) and their cadavers were
thoroughly inspected ex vivo. Afterwards, the samples of their muscle (both injected and
contralateral), kidneys, livers, and hearts were collected, and histological examinations were
performed with haematoxylin & eosin stain and, in some samples, also with Van Gieson stain
(Figure 18). Apart from minor sign of fibrosis in some glomeruli seen in all mice (including
control group) that can be ascribed to mice age, no sign of pathology or chronic toxicity was
found in any organ.'3*!40 All differences between study groups can be ascribed merely to
differences in sampling and staining (most pronounced in muscle). A thorough description of

all findings of all samples can be seen in ESI (chapters S15 and S16).
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Figure S22. Histological examination of mice (202 days past administration).
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4.13. Ex vivo polymer distribution
Additionally, we performed an ex vivo histopathological examination of the injection site 6

days after administering the polymer to investigate the depot distribution on microscopic level.
However, observing the polymer was difficult, because the polymers are soluble in water and
alcohols, thus it would dissolve in aqueous/ methanolic fixing or staining solutions. Therefore,
we were unable to fix or stain the study tissues properly. As a result, the samples needed to be
processed very quickly to avoid autolysis (due to lack of tissue fixation); furthermore, we could
not stain the structures.

Nevertheless, we administered the P2 solution into the thigh of mice, that were initially used
as null control group. After 6 days, the mice were sacrificed, and samples of their tissues were
placed in corn oil and observed with fluorescent confocal microscopy. Although we did not
detect any secondary depots in any organs (possibly due to low intensity of signal, the signal
may be diffused over the entire organ), we observed major signal in samples of a thigh muscle
(Figure 19). The signal was accumulated in a few hotspots (possibly endosomes of fibroblasts

or macrophages), but diffuse fluorescence can be seen throughout the entire muscle.

Figure 23. Fluorescence confocal micrographs of injected muscle; magnified 4-fold (A), 10-
fold (B), 20-fold (C); and control muscle, magnified 20-fold (D).
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5. Conclusions

We synthesized and thoroughly characterized four different thermoresponsive
polyacrylamides in three different molar weights and with low dispersity indexes. Then, we
investigated physico-chemical properties of these polymers in various physiologically relevant
media and their biodistribution after intramuscular administration in mice.

The cloud point temperature (7cp) of thermoresponsive polyacrylamides is considerably
lower in physiologically relevant solvents (PBS and FBS) than in water. In particular, FBS
proteins stabilize LCST polymer aggregates, but the effect of FBS proteins on 7cp depends on
polymer concentration. At high polymer concentrations, proteins decrease the 7cp by competing
for solvation. At low polymer concentrations, by contrast, proteins form complexes with the
polymers, thus increasing aggregation. However, proteins have limited polymer-binding
capacities, so their effect decreases with the increase in concentration. In turn, PBS promotes
aggregation in thermoresponsive polymers by decreasing their solvation shell. Overall, our
results suggest that thermoresponsive polymers with a high potential for biomedical
applications should be characterized (i) by DLS for accurate 7cp determination and (ii) in
physiologically relevant solutions rather than in pure water because they may be otherwise
discarded merely for their unsuitable LCST behaviour in water. Moreover, our findings may
enable us to better predict the biological properties of thermoresponsive polymers in vivo based
on their Tcp. Therefore, these results may be used to optimise polymeric drug delivery systems
for in vivo applications through in vitro studies.

Additionally, we determined the pharmacokinetics of dissolution of intramuscularly
administered acrylamides and formulated a physiological model. Upon the administration, the
depot matures for 3 to 10 days: the depot enlarges, and a portion of the polymer binds to tissues,
while the rest of the administered polymer is eliminated relatively quickly. Furthermore, the
dissolution of tissue-bound polymer follows 1° order kinetics with biological half-life ranging
from approximately 15 days to 5 months. The speed of depot dissolution is specific for a given
polymer: it roughly correlates with its 7cp and is only slightly increased by the polymers’ molar
mass. Additionally, the eliminated polymer can accumulate in liver and kidneys and thus form
secondary depots in these organs. Lastly, the study polymers did not cause any local or
generalized signs of pathologies or toxicity to the mice. Our results may be used to tune the
biological retention of polymer in the organism to meet the demands of various biomedical

applications.
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